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ABSTRACT
MICROWAVE ENERGY CONVERSION
Rectification by Semiconductor Diodes* A relatively simple 
method has been devised for mounting 680-1N830 diodes in a 
series parallel combination to form a single phase full-wave 
rectifier for operation at microwave frequencies. The efficiencie 
attained at 2440 Mc are as follows; Efficiency of 70% for 9 
watts output, 65% for 18.7 watts, 55$ for 30.7 watts and 50% for 
34 watts output.'
Conversion by Bulk Semiconductor. An analytical study of bulk 
semiconductor conversion of microwave is presented. However, 
the material used for the experimental part of the project is 
not satisfactory for use at microwave frequencies. The polari­
zation loss in this material reduces the efficiency from 50% 
to .05%. Other materials may be more suitable.
Direct Rectification by Hot Cathode, (a) Four different tube 
mounts were tested and their efficiencies obtained. These 
efficiencies vary with load resistors, the maximum values lying 
between 21% and 25% for all set-ups and for resistors between 
2000 and 4000 ohms.
PUBLICATION REVIEW
Publication of this technical documentary report does not con­
stitute Air Force approval of the report's findings or conclusions 
It is published only for the exchange and stimulation of ideas.
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I. Direct Rectification of Microwaves by Semiconductors
A new method of producing efficient high-frequency semi­
conductor diodes is being sought. Except for a limited number 
of new diodes produced by epitaxial methods, junction devices
do not operate efficiently at high frequencies. The epitaxial.
devices become inefficient beyond about 500 megacycles. Point- 
contact devices, though usable at frequencies in the kilomega- 
cycle range, inherently have a low power dissipating capacity. 
In an effort to resolve some of these limitations, development
of a junction device with an extremely thin base region is being 
attempted. It is believed that a device can be built with a 
moderate power-handling capability up to about 10 kilomegacycles.
Initial work required the design and assembly of a fixture 
for alloying impurity balls into a base pellet of germanium or 
silicon. Techniques had to be developed for placing a 3-mil' 
impurity ball on a small pellet. The alloying process used is 
somewhat similar to that used for producing tunnel diodes...the 
alloying proper takes place quite rapidly to produce the necessary 
thin base. First units were produced with germanium since this 
material was readily available and served well to perfect the 
equipment and .techniques. These first units worked surprisingly 
well up to about 30 mes. High resistivity silicon is now being 
used and some new problems are being encountered. The etching 
process required seems to produce some oxidation on the surface 
making difficult any subsequent soldering operations. This 
phenomenon seems to be peculiar to silicon with resistivities 
above about 5 ohm-cm. Since the 150 ohm-em material now being
used seems to present too high a forward resistance in addition 
to the oxidation problem, a lower resistivity material will next 
be tried* In addition to the work now under way with silicon, 
several,of the intermetallie compounds show high promise of 
fulfilling the objectives set forth for this work.
A. Experimental Results at Microwave Frequencies
While special semiconductor diodes were being developed' 
for efficient microwave power rectification, an investigation
Manuscript released by the author April 1962 for publication as 
a WADD Technical Report 
WADD-TR-61-48, Pt. Ill -1-
was undertaken to determine what efficiencies might be expected 
using available point contact and junction type diodes. The 
early results of this investigation have been presented in WADB 
Technical Report 61-48 Parts I and II. The results presented in 
Part II of the above report showed that by the use of a relatively 
simple full-wave bridge type rectifier mounted in 4.25“ x 4.75” 
waveguide that 10.8 watts d-c could be obtained at 60$ efficiency 
and that 16 watts could be obtained at 50$ efficiency when operating 
at 2440 megacycles. This rectifier made use of 360 type 1183© 
subminiature diodes arranged in series parallel combination to 
produce a d-c output voltage of 30 volts.
In this investigation the rectification efficiency is 
defined as:
D-e Power output _Microwave power input X
This report covers the work subsequent to WADD Technical 
Report 61-48 Part II and a summary of all the work.
1. Test Equipment
The basic test equipment is illustrated by the photo­
graph Fig. 1. From left to right it consists of a magnetron 
power supply, a 100 watt 2440 Me. GW magnetron, a coax to S-band 
waveguide transition, a flap attenuator, a dual directional 
coupler, an E-H transformer, a tapered transition from S-band 
to 4*25” x 4»75” waveguide, a diode mounting plate, a tunable 
shorting plunger back of the diodes, for impedance matching, and 
a d-c load resistance. The meters consist of one microwave 
power meter to indicate input power, a second microwave power 
meter to indicate reflected power, a vacuum tube Or high resistance 
d-c voltmeter and a suitable d-c milliammeter.
The diode mount is illustrated by the photograph Fig. 2.
The diodes are mounted in a 4«25“ x 4*75“ hole in a silver plated 
brass plate 0.25 inch thick. The diode leads are clamped in 
slots in the 0.125“ x 0.125“ supporting bars. The enlarged end 
of each supporting bar is insulated and held in a slot in the 
mounting plate by means of a nylon screw. The mounting bars 
extend one inch beyond the mounting plate for cooling if necessary.
vis'I
Figure 1. Test Equipment for Determining the Efficiency of the Bridge Rectifier 
Mounted in 4.25" x 4.75" I.D. Waveguide at 2440 Me.
I4>-I
Figure 2. Full-wave Bridge Rectifier Mounted in 4.25" x 4.75" I.D. Waveguide
They ala© provide convenient connections.to, the junctions between the 
banks of parallel diodes for checking d-e voltage distribution, 
and for checking the back resistance of the diode banks to locate 
faculty diodes® This diode mount will hold a maximum of 360 
diodes or 180 diodes on eaeh face, or 18 diodes in parallel and 
five parallel banks in series in each arm of the bridge® The 
circuit diagram of the bridgerectifier;is illustrated in Fig®, 3°
In order to make use of the S-band waveguide tests equip­
ment already available, a tapered section ten inches long was 
built to change from S-band to 4.25” x 4«75” waveguide® The diode- 
mounting plate is clamped between the flange on the tapered section 
and the flange on the short section of ”4.25 x 4«75” waveguide con­
taining the shorting plunger for impedance matching as illustrated 
in Fig. 1®
2. Test Results
Each of the 360 diodes used in the tests described in WADD 
Technical Report 61-48 Part II were re cheeked for forward and 
backward resistance. The forward resistance remained sub­
stantially constant, but the back resistance in many cases had 
increased by a factor of from two to five®
Tests were made to determine the effect of the number and 
arrangement of the diodes in the rectifier, on the efficiency 
and d-e power output per diode. Some of the results are pre­
sented in Fig. 4. The location of the diodes in the mounting 
is indicated by the following chart®
Column los. 1, 2, 3, 4, 5# 6, 7, 8, 9, 10,11,12,13>14,15#16,17,18
X X X X X X X X X X X X X X X X X X 360 diodes
X X X X X X © © X X © 0 X X X X X X 380 »
X X 0 . 0 ' X x . © © X X © © X X 0 0 X X 200 »
X X 0 © © © © O X X © © © © 0 o X X 120 **
It may be noted from Fig. 4 that at the higher input powers the 
diodes are used more effectively when there are fewer diodes per 
square inch of surface®
In order to determine the effect of either spreading the diodes 
out aeross the 4.25” x 4.75” waveguide, or adding more diodes on 
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Fig. 3* Circuit Diagram of Microwave Bridge Rectifier 
Showing Only One of the Parallel Elements,
Fig. 4 Effect 
on Efficiency
of Number and 
and D-C Power
Arrangement of Diodes 
Output per Diode
Output Voltage Held Constant at 30 Volts. Full- 
wave Bridge Rectifier in 4.2 5rl x 4• 75rf Waveguide 
Variable Resistance Load Type 1N830 Diodes.
12 14 16 18 22 24 2£> 28 30 32 34 36 38 40
D-C Power Output in Milliwatts per Diode
44 46 48 54 56 58
bars was increased to accommodate a maximum of 760 diodes as 
compared to the original 3S0 diodes. The modified mount with 680 
diodes.in place is illustrated in Fig. 5. With the original 
mount, data had been taken with alternate pairs of columns of 
diodes removed leaving only 200 diodes. These diodes were re­
mounted in the same relative positions in the modified mount and 
another set of data taken to determine the effeet of the increased, 
length of the mounting bars on the efficiency. The results in­
dicated that the modification had reduced the efficiency to 0.967 
of the original value on the average for diodes mounted near the 
center of the waveguide. Later it was found that one of the coaxial 
attenuators used between the directional coupler and power meter 
had changed and that some of the previously obtained efficiencies 
should be increased by a factor of 1.067. This leaves the above 
cheek in doubt.
The original 360 diodes were mounted in alternate pairs of 
spaces so they covered twice the original area of the waveguide.
The results of tests with this combination are presented by solid 
line curves in Fig., 6® For purposes of comparison, data taken with 
360 diodes mounted as in Fig. 2 are presented by the dashed line 
curves of Fig. 6. It may be noted that with the 360 diodes spread 
out in the modified mounting the efficiency is low at small power 
inputs, but much improved at high power input.
This leads to the conclusion that when the diodes are spread 
out, heavy loading reduces the field intensity at the center of 
the waveguide so the diodes near the sides of the waveguide do 
much of the work. At light loads the diodes near the sides of the. 
waveguide are in such a weak field that they contribute very little 
to the forward current, but still contribute appreciably to the 
reverse leakage current.
While the modifications were being made on the 4.25” x 4.75” 
waveguide mount, tests were made on eight- Type HD-5000 ultra­
fast switching diodes. These diodes were connected as a full- 
wave bridge rectifier with two diodes connected in parallel-in 
each arm of the bridge. The S-band waveguide mount illustrated 
in Fig. 5 of 1ADD Technical Report 61-48, Part II, was used for
these tests.
-8-
Figure 5. Full-wave Bridge Rectifier Mounted in 4.25" x 4.75" Waveguide 
Modified to Accommodate 760 Diodes. (680 diodes in mount).
Fig. 6. Rectification Efficiency at 2440 Megacycles 
Using 360 Type 1N830 Diodes in Full-wave Bridge 
Rectifier Mounted in 4.25" x 4.75" Waveguide Output 
Voltage Held Constant at 30 Volts Variable Resistance 
Load
Diodes Located Near Center of Waveguide 
Diodes Spread to Cover Double the Area
'24'' 1' 1'26 " " 1 28'' 1.3O "'"' j2rnTn 34 ' 38 40 42 4412 14 16 18 20 228 10 D-C Power Output in Milliwatt»
The results of the tests are presented in Table I, from which 
it may be noted that an efficiency of 45$ was obtained with a 12 
volt d-c load and an input power of 125 milliwatts per diode* also, 
an efficiency of 36®9$ was obtained with an 18 volt load and an 
input power of 250 milliwatts per diode® This is by far the highest 
efficiency which we have obtained with junction type diodes. The 
forward resistance of the HD-5000 diodes was found to be approxi­
mately three times the forward resistance of the 1M830 diodes.
Although the efficiency of the HD-5000 diodes is still con­
siderably less than the efficiency of the 11830 point contact 
diodes* their d-c voltage per diode is two to three times as great* 
and their power handling capabilities are better* as may be noted 
by comparing the results in Table I with the results presented in 
Table II.
2a. Tests to Determine the Sources of Rectifier -Losses
From previous tests there was some indication that not nearly 
all of the losses were taking place in the diodes themselves. In 
order to obtain further information as to where the losses were 
occurring the diode mounting plate was provided with an air inlet 
at the bottom and an outlet at the top* and then clamped in place 
with a sheet of teflon 0.010 inch thick on each side of the mount 
so measurements could be made of the heat carried away by air used 
to cool the diodes®
An air flow rate of 15 liters per minute was maintained through­
out the test® The temperature of the incoming and outgoing air was 
recorded. With 3&0 1N830 diodes mounted in alternate pairs of 
columns the input power was held constant at 40 watts for a period 
of four hours. The d-c load voltage was held constant at 3(5 volts. 
At the beginning of the run the rectification efficiency was 
49.1$ and at the end of the test it had fallen to 47®7$® The 
temperature of the outgoing air at the beginning of the test was 
74°F and at the end it was 123°F® At the end of four hours the 
cooling air was absorbing only 8.5 watts of the total loss of 20.9 
watts or approximately 40$. It is difficult to say how much of the 
heat was conducted through the teflon sheets to the metal flanges 
of the waveguide* but it does not seem reasonable that 60$ of it 
escaped by this route® Polishing and silver plating the inside of
-11-
Table I Results with 8 TypeHD-5000 Diodes in a Pullwave Bridge Rectifier Mounted in S-band Waveguide
Innut Power D-C Power Output
Total Mill iwA'ht.s 8 Volt Load 12 Volt Load 14 Volt Load 16 Volb -Load 18 Volt^ Load
Watts perBiode % Eff. MW/Diode % Eff.. MW/Dibde & Eff. MW/Diode ^ Eff. MW/Diode £ Eff, MW/Diode
0.2 25 32.7 8.2 22.8 5.7 20.3 5.1 U.4 3.6
'
0.4 50 41.8 20.9 36.8 18.4 33.5 16.8 29.5 14*8 23.8 12.1
0.6 75 42.2 31.7 41.1 30.9 38.6 29.0 36.0 27.0 31.8 23.9
0.8 100 41.2 41.2 42.7 42.7 40.2 40.2 40.0 40.0 34.8 34.8
1.0 3.25 39.2 49.0 45.0 56.2 43.8 54.8 41.6 52.0 39.6 49.5
1.2 150 36.6 55.0 43.0 64.5 43.2 64.8 42.5 63.7 40.5 60.8
1.4 175 34.8 61.0 40.7 71.2 41.5 72.6 41.1 72.0 39.8
1.6 200 32.5 65.0 38.9 77.8 39.4 78.8 40.0 80.0 39.4
1.8 225 29.8 67.2 36.6 82.4 38.9 87*6 38.2 86.0 37.5 84*4
2.0 250 28.0 70.0 34.2 85.5 35.7 89.2 36.8 92.0 36.9 92# 2
Note: To obtain the d-c voltage per diode, divide the load voltage by two.
-i
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Table II Results with 36O 3N830 Diodes in a Pullwave Bridge Rectifier in Modified Waveguide Mount





18 Volt Load 24 Volt Load 28 Volt Load 30 Volt Load ' 32 Volt Load
* Eff. 1 8- % Eff. Mf/Diode % Eff. MW/Diode % Eff. MW/Diode $ Eff. MW/Diode
2 5.56 58.0 3.22 45.1 2.5 30.1 1.67 22.5 1.25 7777:7::
4 11.1 60.7 6.75 54.7 6.08 48.0 5.33 40.8 4.50 ; 7
6 16.67 60.6 10.1 59.8 9.98 52.4 8.75 48.9 8.16 ; ——
8 22.2 60.8 13*5 61.5 13.67 55.9 12.4 52.5 11.67 . .. —■ . .
10 27.75 57.6 16.0 60.1 16.7 57.4 15.9 55.5 15.4 —- ~ 7
12 33.3 56.2 18.7 60.0 20.0 58.7 19.6 56.5 18.8
16 44.4 54.0 24.0 ‘58.3 25.9 60.5 26.7 58.1 25.8
20 55.5 50.8 28.3 57.0 31.6 58.8 32.6 57.9 32.15 -- ' " - — 7
24 66.7 48.0 31.9 54.7 36.5 56.6 37.7 56.8 37.8 53.8 35.8
28 77.8 .■ ..—' 52.3 40.7 54.6 42.4 55.7 43.3 54.2 42.1
32 88.9 ■ ..." 50.3 44.7 53.8 47.8 54.6 48.5 53.1 47.2
36 100.0 : - 47.8 47.8 51.1 51.1 52.6 52.6 52.5 52.5
40 m.o 45.2 50.3 49.0 54.4 50.2 55.8 51.2 57.0
Note: To obtain the d-c voltage per diode, divide the load voltage by ten.
the test equipment from the E-I transformer to the shorting 
plunger beyond the diodes should result in some further reduction 
in losses.
While the sheet teflon barriers were in place, preliminary 
tests were conducted to determine the feasibility of cooling the 
diodes by means of a low loss liquid such as paraffin oil. Con­
sequently, the space around the diodes (between the teflon -sheets) 
was filled with an extra heavy white mineral oil. At comparable 
temperatures the mineral oil reduced the efficiency to 0.967 of 
the original value. One unexpected result was that the reflected 
power could be reduced to about one-third of the value without the 
mineral oil. From these results it would appear that cooling the 
diodes by means of mineral oil is entirely feasible.
Tests were made using 36© 1N830 diodes to determine the 
effect of diode distribution on rectification efficiency. The 
results are presented in Fig. ?• For Curve A the diodes were 
mounted in alternate pairs of columns. For Curve B the two outer 
columns of diodes at the edge of the mounting were moved into the 
vacant columns next to the center of the mount making a close
spaced array of ten columns at the center. For Curve G the diodes
were all dose spaced at the center of the waveguide as in Fig. 2.
By inspection of Curves A, B, and C of Fig. 7 it would appear
that a distribution somewhere between those for Curve A and Curve
B would be optimum depending on the operating range chosen.
In an attempt to approximate a sinusoidal distribution of diodes 
across the waveguide the number of diodes was increased to 44© lo­
cated in the space to accommodate a maximum of 3© columns of diodes 
as follows! diodes were mounted in columns 3, 7# ©, 11# 12, 13* 15 
through 24, 26, 27, 28, 31# 32 and 35» The results for a 3© volt 
load are presented in Fig. 8, from which it may be noted that at 
6©$ efficiency the d-e power output was 16 watts and at 5©$ it 
was 23.4 watts. These values should have been higher, but this may 
be due to the fact that the new diodes did not have as high a back 
resistance as those previously used. In order to be able to air 
cool the diodes and still have a movable plunger back of the diodes, 
254 holes 0.2 inch in diameter were drilled in the plunger as shown
-14
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at the left of the photograph Fig. 9. The end plate which supports 
the plunger screw was largely cut away and a blower mounted to give 
a uniform current of air through the diodes. Four hundred and 
eighty 1183© diodes were mounted in the 4»25** x 4«75*t waveguide in 
the following columns, 4, 7, 8, 11 through 28, 31> 32 and 35* Data 
taken with this arrangement are presented in Fig. 1©0
There had been some question as to whether losses were 
occurring in the diode mounting bars which were brought out through 
the sides of the waveguide mount to carry the heat away from-the 
diode connections® How with forced air cooling of the diodes it 
was possible to cut off the ends of the connecting bars to 
determine whether there would be any improvement in rectification 
efficiency. This changed the circuit diagram of the rectifier 
frbm that illustrated in Fig. 3 to the one illustrated in Fig. 11- 
The results of tests under these conditions are presented in Fig. 12.
By comparing the results of Fig. 12 with the results of Fig. 10 
it may be noted that cutting off the diode connecting bars reduced
the efficiency slightly rather than improving it.
The inside of the E-H transformer* the tapered section from 
S-band to 4«25tt x 4°75** waveguide, and the section of large wave­
guide beyond the diode mounting plate were silver plated and 
polished to reduce skin losses. The effect of silver plating and 
polishing is illustrated by the curves of Fig. 13, from which it 
may be noted that considerable improvement takes place at low 
■power inputs, but at maximum power input the plating made virtually
no difference.
2b. Tests to Determine the Effect; of Still larger Numbers of
Diodes on Rectification Efficiency
An additional supply of 1N830 diodes was received which made 
it possible to start a series of tests with 480, 520, 560, 600,
640* 680, 720, and 760 diodes. The tests were made with the diode 
connecting bars not brought out through the sides of the waveguide
mount. The results of tests with the impedance matching plunger 
set at approximately 1.43 inches beyond the diodes are summarized 
in Table III®
During the tests it was found that a considerable improve­
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Fig* 11 Circuit Diagram of Microwave Bridge Rectifier 
Showing Only One of the Parallel Elements.
Diode connecting bars not brought out through 
sides of waveguide mount*
Cx = 20 picafarads
C2 = 37 -
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Fig. 12 Rectification Efficiency at 2440 Megacycles 
Using 480 1N830 Diodes in Full—wave Bridge Rectifier 
Mounted in 4.25" x 4.75" Waveguide Variable Resistance 
Load Forced Air Cooling Diode connecting bars not 






26 2713 14 15 16 17 21 22 23 24 2511 12 18 198 92 3 4 5 10
D-C Output in Watts
only 0.4 inch beyond the diodes. Bata taken under these conditions 
with 64©, 680, 720, and 760 diodes are presented in Figs. 14, 15,
16> and 1? and summarized in Table If.
It may be noted from Table If and Figs. 18 and 19 that increasing
the number of diodes in the 4.25** x 4.75“ mount to values beyond 680
diodes results in no significant increase in d-c power output. How­
ever, it appears reasonably certain that if a larger size diode 
mount were used with the appropriate tapered section the d-e power- 
output would increase about in proportion to the area of the mount..
The data presented in Table III for 680 diodes are reproduced, 
in Table If for the purpose of illustrating the improvement re­
sulting from moving the impedance matching plunger up to 0.4 inch 
from the diodes. The most notable improvement is the increase in 
d-c power output at 60$, 65$ and 67»5$ efficiencies. For example, 
at 60$ the power output at 32 volts increased from 18 to 24.2 
watts or 34*5$ and at 65$ the power output at 30 volts increased 
from zero to 18.7 watts.
2c. Further Tests to Betermine the Effects of Liquid Pooling
of the Biodes and of Bringing the Diode Connecting Bars Out
Through the Waveguide Mount
The diode test equipment was modified for cooling the diodes 
with paraffin oil® This was done by mounting a 3/16 inch plate 
ahead of the diodes to clamp a 0.060 inch teflon .diaphram across 
the" waveguide as an oil seal, and by replacing the movable plunger 
assembly back of the diodes with a fixed shorting plate 3/8 inch 
beyond the diodes as illustrated in Fig. 20. The flange holding 
the fixed shorting plate was provided with intake and exhaust 
manifolds at the bottom and top for circulating the oil. In order 
to distribute the oil uniformly, each manifold had eleven 0.082 
inch diameter holes drilled into the waveguide as illustrated at 
the right of Fig. 9. A metering gear pump with variable speed 
drive was used to circulate the cooling oil in a closed system.
A heavy grade of refined mineral oil (paraffin oil) was used.
The tests were made on 680 1M830 diodes at a number of oil 
flow rates. There was no improvement in efficiency by increasing 
the flow rate above 90 cc per minute, and it seems quite probable 
that ft considerably lower flow rate would be sufficient.
-22-
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5Q£ 30 25.4 53.0 26.2 50.4 27.9 49.8 29.6 49.3 30.3 48.1 30.4 44.7 32.0 46.6
32 26.3 54,8 27.1 52.2 28.6 51.1 31.8 53.0 31.6 49.4 31.6 46.4 32.6 47.5
55$ 30 22.5 47.9 22.9 44.0 23.7 42.3 25.8 43.0 26.8 41.8 26.8 39.4 28.0 40.8H 32 23.1 48.3 23.2 44.6 23.9 42.7 26.8 44.7 28.0 43.7 27.5 40.4 28.3 41.2
6o$ 30 18.8 39.2 18.5 35.6 19,0 33.9 21.2 35.3 21.8 34.0 19.6 28.8 20.2 29.4n '■•■;.• 32 18.5 38.5 17.3 33.3 16.4 29.3 20.6 34.3 21.4 33.4 18.0 26.4 0.0 0.0
65$ 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 40.0 0.0 0.0 0.0 0,0 0.0it 32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Location of Diodes in Waveguide Mounting
Cois, 1,2,3,4 14,15,16,17,18,1?,20,21,22,23^^25,26^27,28,29,30,3^,32^33,34,35,36^37,33.
480 X XX X X X X X X X X X X
520 X X XX X X X X X X X X X X
560 XX X XX X X X X X X X X X X
600 XX X XXX X X X X X X X X X X
640 X X X XXX X X X X X X X X X X X
680 XX X X X XXX X X X X X X x X X X
720 X X X X X XX XX X X X X X X X X X X
X X X X X X X X X X X
X X X ;x X X X X X X X X
X X X X X X X X X X X X x
X X X X X X X X X X X X X
X X X X X X X X X X X X : X x X
X x X X X X X X X X X X x x X






















Fig. 15 Rectification Efficiency at 2440 Megacycles Using 680 
Type 1N830 Diodes in Full-wave Rectifier Mounted in 4.25,, x 
4*75" Waveguide. Diode connecting bars not brought out. 
through sides of waveguide. Impedance matching plunger set 
0.4 inch beyond diodes. Variable resistance load. Forced air cooling.
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
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Fig, 16.Rectification Efficiency at 2440 Megacycles Using 720 
Type .1N83.0 Diodes in Full-wave Rectifier Mounted in 4«25fV x 
4.75n Waveguide. Diode connecting bars not brought; out 
through sides of waveguide. Impedance matching plunger set 
0.4- inch beyond diodes. Variable resistance load. Forced 
air cooling. .
6 8 10-12 14 16 18 20 22 24 26 28 30 32 34 36 33 40
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Fig. 17 Rectification Efficiency at 2440 Megacycles 
Using 760 Type 1N830 Diodes in Full-wave Rectifier 
Mounted in 4.25” x 4.75”•Waveguide. Diode connecting 
bars not brought out through sides of waveguide.. Im­
pedance matching plunger set 0.4 inch beyond diodes. 
Variable resistance load. Forced air cooling.
0 2 “8 10 12 14 16 18 20 22 24 26 28 3032 34 36 38 40
D-C Output in Watts
Table IV Effect of Number and Distribution of IN830 Diodes on Efficiency and D-c Output per Diode, 
Impedance Matching Plunger Set at Approximately 0.4 Inch Beyond Diodes.
640 Diodes 680 1}iodes 720 1diodes 760 1Jiodes 680 [Jiodes*
D-c Total Average Total Average Total Average Total Average Total Average
Rectifier Load Watts D-c Watts D-c ■ Watts D-c Watts D-c Watts D-c
Efficiency Volts D-c MW/Diode D-c MW/Diode D-c MW/OiodS D-c MW/Diode D-c MW/Diode
5055 30 29.1 45.4 30.8 45.3 30.8 42.7 30.8 40.5 30.4 ■.;'.:44.7v..v';.'vft 32 30.5 47.6 32.5 47.8 32.3 44.9 32.1 42.2 31.6 46.4
5555 30 26.0 40.6 27.7 40.6 28.3 39.2 28.3 37.2 26.8 39.4*f 32 27.4 42.8 28.6 42.0 29.2 40.7 28.9 38.0 27.5 40*4
6055 30 22.1 34.5 23.8 35.0 24.3 33.7 24.3 31.9 19.6 28.8It 32 23.2 36.2 24.2 35.6 24.3 33.7 23.9 31.4 18.0 26.4
6555 24 12.8 20.0 13.4 19.7 13.6 18.9 13.6 17.9 11.2 16.4tf 30 17.0 26.5 18.7 27.5 17.9 24.8 17.7 23.3 0.0 0.0f! 32 16.0 25.0 17.4 25.6 16.4 22.7 0.0 0.0 0.0 0.0
67.5$ 24 10.9 17.0 10.8 15.9 12.4 17.2 0.0 0.0 0.0 0.0If 30 12.0 18.7 13.0 19.1 0.0 0.0 0.0 0.0 0.0 0.0
7055 24 9.0 14.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 : ;
Location of Diodes in Waveguide Mounting
Ools, 1,2,3,4,5, 6,7*8,9,10,U, 12,13,14,15,16*17,18,19,20*21, 22,23,24,25*26,27,28^29,30,31,32,33,34,35*36,37,33.
640 X XX XXX X X X X X X X X X X X X X X X x X X X X X X X X X X
680 XX XX XXX X X X X X X X x x X X X X X X X X X X x X X X 'XV! X X720 XX XX XX XX X X X X X X x X X X x X X x X x X X X X x X x X X X X
760 X XX X X XX XX X X X X X X X X X X X X x X X x X X X X X x X X X X X X X
♦Impedance matching plunger set at approximately 1.43 inches beyond diodes.
Fig'.. 18 Comparison of the Average D-C Output per Diode Versus Efficiency when 
Using 640, 680, 720 and 760 1N830 Diodes Mounted in 4*25" x 4* 75" Waveguide 
Frequency of Microwave Input Power - 2440 Megacycles, Forced air cooling 
D-C Output Voltage Held at 30 Volts
D-C Output in Milliwatts per Diode (Average)
10 12 ~14 16 ltT 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50D-C' Output in Milliwatts per Diode (Average)
The test data are presented by the curves of Fig.e 21 „ The 
results are summarized in Table V, from which it may be noted that 
in general the output is slightly less with oil cooling® This 
may have been due in part to the 0o06!* x 0«,055,f shoulder in the 
plate which held the teflon diaphram in place. It is quite possible 
that if the shoulder could be made deep enough to serve as a choke 
joint the efficiency could be improved.
Circulating paraffin oil around the diodes is a very effective 
way_of_.cooling them, and the cost in efficiency is relatively small.
2d* Tests with the Diode Mounting Bars Reconnected and Brought
Out Through the_Sides of the 4.25" x 4.75" Waveguide Mount.
In order to cheek the effect of bringing out the diode 
connecting bars through the sidtes of the waveguide mount under the: 
conditions where the shorting plunger is located 0.40 inch beyond 
the diodes* the diode mount was disassembled and the connecting 
bars rejoined where they had been sawed in two. The diodes were 
rechecked for forward and back resistance and remounted in the 
same order as before. The test data are presented in Fig. 22* and 
the results summarized in Table ¥.
In the last column of Table ¥ are the results from dividing 
the output obtained when the diode connecting bars were not brought 
out* by the output obtained when the connecting bars were brought 
out« These results indicate that it makes relatively little 
difference whether the connecting bars are brought out or not if 
forced air cooling is used. However* it is expected that further 
tests without forced air or oil cooling of the diodes would show 
that bringing the diode connecting bars out through the sides of 
the waveguide would be a material help in carrying heat from the 
diodes to the walls of the waveguide.
2e* Tests to Determine the Efficiency of the Microwave
Beetifler at ’60,-Cycles.
It was apparent that if the efficiency of the microwave 
bridge rectifier could be measured at 60 cycles with equivalent 
circuit constants* it would throw some light on the effect of 
voltage distribution across the waveguide* and of the displace­
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Table 7 Comparison of the Effect of Bringing Out the Diode Connecting Bars, and the Effect, 
of Forced Air, and of Paraffin Oil Cooling on Rectification Efficiency.
Tests on 680 Type IN830 diodes in a fullwave bridge rectifier mounted in 
4.25" x 4.75" waveguide. Test frequency 2440 megacycles.
Rect.
Eff.







































50% 30 29.2 42.9 30 30.7 45.1 30 30.5 44.8 0.958 1.007
tt 32 30.9 45.4 32 32.6 47.9 32 32.1 47.2 0.963 1.016tt 34 32.1 47.2 34 — ‘ — 34 — ■ -- - ; —~f! 36 33.6 49.4 36 _. — 36 34.0 50.0 0.988 ——•
55% 30 25.8 37.9 30 27.3 40.1 30 27.7 40.7 0.932 0.986ft 32 27.4 40.3 32 28.9 42.5 32 29.0 42.6 0.944 0.996tt 34 28.6 42.0 * 34 —— .: — 34 — .. —— ■ ■it 36 30.8 45.3 36 —* — 36 30.6 45.0 1.007 ——
60% 30 22.1 32.5 30 23.3 34.2 30 24.2 35.6 0.913 0.962n 32 23.4 34.4 32 25.0 36.7 32 25.0 36.7 0.936 1.000tt 34 24.0 35.3 34 —- '■■■■. — 34 — . ■ --— -—— ;
'' -» 36 24.0 35.3 36 — ■ — 36 25.0 36.7 0.961 ■ —
m 30 17.3 25^4 30 18.0 26.5 30 19.2 28.2 0.900 0.937« • 32 17.3 25.4 32 18.0 26.5 32 17.4 25.6 0.994 1.035tt ■;':3a:;; 0.0 0.0 34 ' — 34
67% 3° 14.0 20.6 30 0.0 0.0 30 15.0 22.0 0.932 0.00
The filter capacitor for the microwave rectifier is the 
capacitance across the 10 mil teflon insulation between the 
diode mounting bars w^iich form the d-c output terminals® This 
capacitance has a value of 20 picafarads* and its reactance at 
2440 Me. is approximately 3»25 ohms. This corresponds to the 
reactance of an 8*150 microfarad capacitor at 60 cycles.
In order to make the tests at 60 cycles the diode connections 
to the top and bottom of the waveguide mount were opened up and the 
60 cycle voltage applied across four banks of diodes in series in 
each arm of the bridge. The number of diodes in parallel in each 
bank, was 34? the same as when using 680 diodes for rectification 
at 2440.Me. In order to have the same d-c voltage per bank of 
diodes at 60 cycles as at'2440 Me. the total d-c output voltage 
was held’ at 32 x 0.8 = 25.6, volts. The filter capacitance was 
8*000 mfd.
Comparable data taken at 60 cycles and at 2440 Me. are 
plotted on the same sheet in Fig. 23° The difference in ..efficiency 
is relatively small when one considers that in the case of recti­
fication at 2440 Me. losses due to skin effect* displacement currents 
in the diodes* and unequal distribution of voltage across the recti­
fier are included as rectifier losses. The results would indicate 
that the forward resistance of the diodes is the major cause of 
losses in the 1N830 diodes..
Summary and Conclusions with Discussion
1. A relatively simple method has been devised for mounting 
a relatively large number of subminiature semiconductor diodes in 
a series parallel combination to form a single phase 'full-wave 
bridge type rectifier for operation at microwave frequencies.
This experimental model effectively uses 680 1M830 diodes 
mounted in a 4®25’*. x 4°75ra hole in a metal plate l/4 inch thick 
having external dimensions of 6.25M x 6.75w® The overall thick­
ness of the assembled diode mount is 0.40 inch.
The weight of the 680 diodes with their leads cut the proper 
length for mounting is 2.3 ounces. The weight of the mount with' 
diodes in place when brass is used for all metal parts is 2 lb.
10 oz. By the use of a properly designed magnesium alloy die-cast 
mounting plate* the total weight of the mounting and diodes could’ 
probably be reduced to less than six ounces.
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2. Efficiencies attained with the above described microwave 
rectifier operating at 2440 Me. are as follows:










These values compare reasonably well with 70 to 87$ efficiency 
of 60 cycle three phase bridge rectifiers of the copper oxide type-.
3. The stable 1H830 diodes improve with use so long as they 
are not subjected to excessive back voltages. Although the 
efficiency drops slightly with temperature rise, the diodes do 
not seem to change with use if they are properly copied. If the 
temperature rises moderately, they recover on standing idle.
If this rectifier is used in a space environment, the diodes 
should be cooled.with paraffin oil which is circulated in a closed 
system that includes a heat exchanger. Since properly treated 
paraffin oil has such a low vapor pressure that it can be used in 
oil diffusion vacuum pumps it should give no trouble in space if 
it is heated in a vacuum for 24 hours before being sealed into the 
cooling system® The temperature inside the space vehicle should 
not be permitted to fall*low enough to solidify the paraffin oil 
when it is not being circulated around the warm diodes.
4. Sufficient data are not available at present to make an 
accurate prediction of reliability, however, the following factors 
will contribute to high reliability:
a. In the case of 11830 diodes, all diodes should be operated 
for at least one hour and preferably two to three hours with a 
■-‘/power, input of not less than 125 milliwatts per diode with 
■ eooling® After this treatment, they should be selected on 
the basis of low forward resistance and high back resistance.
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b. The rectifier should never be operated without a load 
because of the danger of breakdown due to overvoltage.
c. If a battery load is used, a power rectifier should be
connected between the microwave rectifier and the battery \ . . to prevent the battery from discharging back through the
microwave rectifier during periods when the microwave input.
power is off.
d. Since the d-c output curve falls off very rapidly as the 
rectifier is operated at efficiencies below 50% it is recom­
mended that the rectifier be designed to operate at an efficiency 
of 60% or higher.
e. The reliability is improved by operating the rectifier 
with a considerable number of diodes in parallel, and 
several parallel banks in series. Under these conditions, 
several diodes can fail and 'the rectifier will still operate 
with a relatively small reduction in efficiency.
If the above suggestions are observed and protection from 
radiation damage provided, a microwave rectifier of the type 
described should give several thousand hours of service.
5. Advantages of the microwave semiconductor rectifier 
described are:
a. A conversion efficiency of at least 50 to 65 per cent.
b. Requires.., no standby power for its operation.
e. Compact and can be made quite light in weight.
d. Has good possibilities for much higher power output 
with the development of special diodes.
6. Thje principal disadvantages of the present model of 
microwave rectifier is the cost of diodes and labor for con­
struction and assembly.
7. It now appears that larger single units could be built 
for d-c outputs from 100 watts to possibly several kilowatts.
8. The diode capacitance appears to have given very little 
trouble in the case of subminiature point contact diode,o. At high 
input, the forward resistance of the diodes is the determining 
factor in rectifier efficiency and at low input power the reverse 
leakage current determines the efficiency, particularly at the 
higher output voltages.
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II. Conversion by Bulk Semiconductor
A. Analysis of the Conversion Method 
Mathematical Model
The simplest case of ordinary rectification consists of 
applying a symmetrical waveform to a unilateral or nonsymmetrical 
device. Since the device is unilateral it passes current in only 
one direction and, therefore, produces a direet current from a 
waveform which contained no average voltage originally. In 
particular if the half-wave rectifier of Fig. 24 is considered, 
the mathematical model for the current is given by,
This assumes that the rectifier diode is ideal and, therefore, has 
zero voltage drop in the forward direction and infinite resistance 
in the back direction. If the circuit of Fig. 25 is considered as 
an equivalent circuit for the circuit of Fig. 24 where the diode has 
been replaced by a nonlinear series resistance element r, the pro­
blem of rectification is reduced to one of determining the response 
of a circuit which contains a nonlinear resistance. The nonlinear 
resistance characteristic is assumed similar to that shown in Fig. 26.
The general solution of this problem is simple in theory but 
quite involved in practice. In general the most useful cases deal- 
with periodic sources. If, therefore, e(t) is considered to be a 
periodic function of time of period T, i(t) = e(t) — can be ex­
panded in a Fourier series and from the exponsion an efficiency for 
the rectification scheme can be calculated. Thus,
e(t)^- 0
e (t) ^ 0
i (t) “ ~ +




sin 2nkt dt, b, =—m— kk T /
J -T/2
i(t) cos 2XIkt dt 
T
-41-
Pig. 24 Half-wave rectifier
Fig. 25 Nonlinear resistance model of half-wave rectifier
Fig. 26 Volt-ampere characteristic of ideal rectifier
In even more restricted ease of e(t) 
the familiar results
E cos 2Ilt one obtains 
T
b ©
2E . _ E .bl 2R> bk 2Ena
( i \^/2






2m izllk/2 cos 2IIkt
k
(2)
The efficiency is calculated by noting that the only component 
of the current that flows in R which can contribute to input power
is that of the fundamental current,, Using the amplitude of the
E 2fundamental from Eq. 2, ^ is obtained as the input power and 
using the d-e term of the series the output power E2 is obtained.




7 2itr 40, (3)E_
4R
The lost power is absorbed by the load resistance R as harmonic
heating. It is, of course, possible to build more efficient 
rectifiers by going to the full—wave construction or by eliminating 
the lost power by filtering. Praetieally it is possible to con­
vert alternating current to direct current with efficiencies of 
the order of 95$. Theoretically if one postulates perfect filtering 
there is no harmonic current flow and hence the efficiency is 100$.
Pseudoreetifieation
Pseudoreetification, on the other hand, uses a nonsymmetrical 
drive function to excite a symmetrical nonlinearity. The nonlinear 
resistance element of Fig. 25 is replaced by one having the charac­
teristic
i = K sgn (e) j en| (4)
A general nonlinearity of this type is shown in Fig. 27© The 
equivalent to postulating an ideal diode is now to assume an
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IFig. 27 Typical symmetric nonlinearity
Fig. 28 Ideal symmetric nonlinearity
element f©r which K becomes very small and n becomes very large. 
Such an element would have a characteristic similar to that shown 
in Fig. 28. If e(t) in Fig. 25 were a periodic waveform of period 
T which had so called half-wave symmetry £f(t) = f(t+T) and 
f(t) ~ -f (t+T)J, no direct current component would result. ,,If, 
however, e(t7 is chosen as e(t) = A cos wt + B cos 2wt a waveform 
which does not have half-wave symmetry is obtained. (The choice 
of zero phase angle will be justified in a later section.) Fig.
29 shows such a waveform for A=B=1. It is noted that the selected 
waveform has a zero average value of voltage, but that it does have 
different voltage amplitudes during its positive and negative half 
cycles. If for the moment R=0 it is found that the effect of the 
nonlinear element is to nonlinearly weight the voltage amplitudes. 
For example, a voltage of 1 volt produces a current of I amperes/ 
whereas, a voltage of 2 volts produces a current of K(2)n amperes. 
Fig. 30 shows this effeet for the waveform of Fig. 29 with K=1 
and n=3® It is clear from Fig. 30 that the average of the wave- 
form is no longer zero. Sonlinear voltage weighting to produce, 
an average current is the basic mechanism by which the process of 
pseudorectification coverts a zero average periodic nonsymmetric, 
waveform, to a waveform having an average value.
It should be noted that the magnitude of the average is 
dependent on the degree of the nonlinearity n. The larger n 
is the greater will be the average value of the resulting current 
waveform. It is dear on the basis of the above discussionsof 
voltage weighting that the function which relates the average 
value of the current to the exponent is indeed a monotone function. 
This work, therefore, treats only the eases for which n is odd. 
Results for a even can be obtained by interpolation. This avoids 
the mathematical difficulties of working with the magnitude of 
functions and the sgn function. It does not, however, limit the 
usefulness of the results to odd exponents but only simplifies the. 
calculations.
The d-e component of the current that results from the appli­
cation of a waveform to a symmetric nonlinearity does not imply 
output power. In order to obtain a useful power output, we must 
allow I to be non-zero. This liberty is costly!
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Fig. 29 Waveform exhibiting half-wave asymmetry
Fig. 30 Effect of nonlinear voltage weighting
Fig. 31 Equivalent circuit with R replaced by E^
<J. E. Bridges discusses the output voltage and the output 
current cases of this problem separately. In this way he has 
been able t© avoid completely the problem of having a d-c current
and a d-e voltage existing in the circuit at the same time. The
penalty he has to pay for this simplicity is the complete unavail 
ability of information concerning power efficiency of conversion.
In order to avoid the problem of introducing a linear resis­
tance term into the expression for i in Eq. 4 above it is assumed 
that it is possible to filter the current flowing through R well
enough so that the only component of voltage that can exist acros
I is a d-c component. Electrically this is equivalent to having
a d-e source in the circuit in place of R. If E, is the valuedc
of the voltage source that replaces R and if I, is the d-c com- 
nponent of Ke (n odd), then E, • I, R. The circuit that this r dc dc
assumption implies is shown in Fig. 31«
Mathematically eg(t) is modified to include E^ . Thus,
e(t) * -E, + A cos wt + B cos 2 wtsv J dc (5)
This gives i(t) as,
i(t) «= K(-E^q + A cos wt + B cos 2 wt)n (n o (6)
Extct Solutions for the Simple Cases E£ (% s-If in Eq. 6 one lets n=3, A|=B=E, and —s— * the ex-E
pression for the current ean be expanded directly. Expanding 
i(t) ■ 
gives
i(t) = K E^ (b + cos wt + cos z wt)"^
i(t) = K E^ + 3b + b^) + + 3b^ + 3b) cos wt
+ (■?■ + 3b^ + ®“b) cos 2 wt + (l+3b) cos 3wt (7)
4 d
+ $ + 4>) cos 4wt + \ cos 5 wt
hr <L • 4
+ 7" COS
k
Since the only voltages which are allowed to exist across the 
nonlinear resistance are the d-c component, the fundamental, and
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the first harmonic; only the d-c, the fundamental, and the first
harmonic current components can interact with the sources (including
E ) in such a way as to either supply power to or extract power dc
from the nonlinear resistance.
Let I^e be the d-c component of current and 1^ be the ampli­
tude of the kth harmonic current. It is then possible to calculate 
the input power direetly as,
P.m A + B I2__ (8)
and output power as,
P = I E , out dc dc (9)
Selecting the appropriate coefficients from Eq. 7 one has,
P, " £f- $ * 3b2 + 3b) E
m d, 4
+ —>r— + 3b2 + EKE'
2 v4 (10)
and
P = -b IE3 (r * 3b + b3) o k
The efficiency is calculated using Eq. 10 as,
oj = "b (l * 3b * b3)
x 100$ (11)
| (1 + 3b2 + 3b) +| (| + 3b2 + |b)
low letting b*-a so that the efficiency becomes a positive number 
tyj becomes,
7
, (J a - 3a2 -a2*')
2 “q “ o- ’3a2 - Ja ♦ I
This function is simple enough so that it is reasonable to 
calculate the maximum efficiency by taking the derivative of 
with respect to **aM and setting this derivative equal to zero.
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Hence, after expansion and collection of terms and solution of 
the resulting equation, one obtains,
» 2,82%/ max
for a = 0.124
This means that a maximum possible rectification efficiency of
2,82% is obtainable using an exponent n=3 and a source voltage
of -E ' + A cos wt + B cos 2wt® The value of ttatt gives thede
magnitude of the d-c output voltage for which the maximum 
efficiency is obtained,, Therefore,
E , ** 0.124 E®de
It is now possible to calculate the value of the load resistance 
R (Fig® 25) which is necessary to produce Edc® Eq. 7 gives
Idc = K E3 (| + 3b + b3)®
3Inserting b *» -0.124 into this expression gives 1^ =K E (*376).
E £
EL
Then from the faet that , ® I. R one has,de de
0®124E _____
R “ K E3(®376) K E2 (13)
This value of R is the value for which power is rectified at 
maximum efficiency® It should be noted that the power obtained 
for this value of R is not the maximum power that can be obtained 
but only the power output for maximum efficiency.
An exact solution for the case n=5 can also be obtained with 
a reasonable amount of algebraic effort® The general approach is 
the same as that described above for the case n=3 and for that 
reason is not carried out in detail here. The starting point is 
again the relation,
i(t) = K (-E, + A cos wt + B cos 2wt)&e
with A=B=E and ~E, /l=b®QG
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When the function.
i(t) = K E3 (b + e©s wt + cos 2wt)3 
is expanded and the terms collected one obtains.
I.dc




= IE5 (5b4 + 10b3 . + b2 +■ 25*
2
Tx2




When b »a is substituted the efficiency is given by5
H 2 _ kla(~a3 -10a3 + 4 a + a
c 4 15 3 45 2
5 a ~ 2”a + "2a + 'S» +■
x X©0$< (15)
32
Since this ■ function- is considerably-more complicated than that for- 
n^3, the maximum value max was found by writing a computer program
seating. the maximum value of ® The resultsand straightfoa
„ - 5o03^ E.max de ,180 Ix - K E5 (4c40)
,180 -Idc = K E5 (1.28) I2 - KE5 (4*79)
and using these results 1 is-'given by the expression 
» 18Q E o140
R ^ X®28 K E5 * K E4
(16)
(17)
The above relations will be used in the experimental section.to 
compare.the measured values with* the calculated values®
It becomes increasingly difficult t© carry out the algebra 
for n greater than 5e For this reason information concerning 
higher degree nonlinearities was obtained by an approximate analysis® 
Before going ©n t© the approximate analysis, however, the general 




The assumption that the maximum efficiency occurs for the 
case defined by having the two cosine waves pass through their 
positive maximum values at the time t=0 must still be justified. 
Physically it is possible to justify this statement by consideration 
of the effect of a phase shift in the fundamental. That is, to 
assume a function of the form,
e(t) = A cos (wt + 0) + B cos 2wt. (18)
If one thinks in terms of the nonlinear voltage weighting concept, 
it is clear that the addition of 0 decreases the output d-c voltage. 
This is seen from the fact that as 0 is increased the absolute 
difference in the amplitudes of the positive and negative half 
cycles decreases until at 0=U5° there is no d-c output. If 0 is
oincreased beyond 45 , the sign of the d-e output voltage changes; 
and its magnitude increases until at 0=90° the output voltage is 
the same in magnitude as but opposite in sign to the case given by
0=0° . r.-,-r   
Assume as a model the circuit shown in Fig. 31. The- circuit 
includes a d-c source (well filtered load resistor), a zero 
average nonsymmetrie (in the half-wave sense) periodic voltage
source, and a nonlinear resistor having a characteristic of the 
form r = (iK)^° (n odd).
The input and output powers for this eireuit are given in general
Edcl
>T __




But since 1^^ and are constants the last expression reduces to,
r»T e-
dt.p = i E rout T dc - Eac]
©
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The efficiency is then given by,
(20)
This last expression for the efficiency is almost impossible to 
work with directly even for very simple drive sources e(t), In 
principal the problem is solmable for the case e(t) = A cos wt + 
B cos 2wt, but even this case leads to integrals which must be 
evaluated by the use of recursion relations with the net result 
that the answer is contained in a double or triple summation.
It is always possible to evaluate such an expression by computer 
methods but in this case even the computer approach becomes 
cumbersome. It, therefore, seems desirable to obtain an approxi 
mate analysis which at least can be handled simply by computer 
techniques. -
Approximate Analysis
Several different methods of expanding function of the.type 
given in Eq. 6 and 14 were tried, but none of these converged 
rapidly enough to be useful for theoretical interpretation. It 
was, therefore, decided that a solution would be sought for a
Pulse Waveform Excitation 
Fig. 32
simple waveform which still allows interpretation ih” terms of 
sinusoids. The waveform chosen is the pulse waveform shown in
Fig, 32, This waveform has a zero average value and a large 
difference in voltage amplitudes between the positive and negative 
parts of the cycle®
The Fourier spectrum of this function is calculated in order 
to get an idea of the harmonic content and, therefore, an estimate 
of its equivalence to the double or multiple frequency sinusoidal 
driving source case. The Fourier coefficients are given by,
and
b - © ©
n a*X
ri
2 * /2nITa E ®0S(—1
1 + 2
2 2 ) tdt
©» * JL
j
Garrying out the integrations one obtains, 
2E(a+l) .b„ - —"rr sin Cr7r) •a
s i. a xThis expression is of the general form —. , Fig,
x a+1plot of the envelope of the harmonic amplitudes —
33 is a
sin(fS).
Gurves are shown for a=2, 3» 4» and 5 to indicate the increase
in harmonic content that is associated with higher values of BaB, 
The curves of Fig, 33 indicate that as “a** increases the 
lower order harmonics increase slightly, but the higher harmonics 
increase markedly, Baa is, therefore, considered as a rough 
measure of the harmonic content in the waveform, A pulse with 
a=2 has two major harmonies,:one with a=3 has 3 major harmonics
and so forth® As BaB is increased the rate of increase of
harmonic content drops Off so that for a=5 the fifth harmonic 
has a relative amplitude of only ,2, Beyond this point the 
correspondence is not one to one, ©ne other interesting point 
should be .mentioned and that, is the presence of odd harmonics in 
the, spectrum® The presence of these odd harmonies tends to enhance 
the efficiency of conversion even though they do not lend t© the 
half-wave asymmetry® :
Let ms now turn to a calculation of efficiency using the 




4.£ t < 4
4<t < 4
Consider the voltage of Eq» 22 as the voltage source in the 
circuit shown in Fig*' 31* The voltage impressed on the non­






4< t <4 + a
(23)
The nonlinearity is assumed to be of the form i(t) = K e(t)n 
(n odd) as before* Substituting the voltage of Eq. 23 into the 
nonlinear volt-ampere characteristic one obtains,
i(t)
K (a E -Ede)“ 4
K (-E -Ede)n i <t <4 * a
low combining the Eqs* 22 and 24 (n odd) the power input from 
the pulse is found to be,
fa E K (aE -E, )n dcp(t) *-i 
in
-E K (-E -E , )n > n. v dc
-4< t< 4
4< t <4 + a
(25)
(m odd)
The time average input power is then given as,
pin - irr D15 a E K Ca E -Edc)“ -(•> E K <-E -VBJ (26)
The current is averaged over the cycle to obtain Idc
dc
K (a E -E, )n + a K (-E -E )a 
a + 1









Fig.. 33 Harmonic Content of
Index Number n
The efficiency is calculated 
respectively*
^©mt over ^r@m Eqs* 26 and 28
7
Edc KRa E -E, )n ♦ a (-E ~1L de -Edo)a]
ikl*E K <E -Edc)D -a E K <-*
Then remembering that n is odd one obtains,
7 fie (a E -Ede)° - lc(E * Ede)n 
aE (E - Ed0)n + (E * Ede)n ©
Edc is normalized by letting (E^/E) = b in order to be able to 
obtain a more general expression* Substituting E, /E = b into& O
the expression above gives,
'fc - - (a~b) ~a(1*k), x 100J6. (29)
I a (a-b)n *(l*b)n
This expression gives the efficiency of pseudoreetifieation 
for a zero average pulse signal*
An upper bound on the effieieney/y as nan and wnw are 
increased without bound is determined using Eq* 29* Lets 
I* b 0 (positive output power)
2© 3j oo8?o
3* n-3j 5j 7j oo«oo
4* ^ © (negative efficiency excluded)
Condition 2 implies that,
(a-b)n + (i+b)n^ ©
and condition 4 implies that,






















^ " l/n” °1+a '
Again considering the expression
(a-bjJL-, a
(l+b)n
one has the condition




Rewriting Eq0 29, ©n@ obtains





l^*bSubstituting the condition on " v from above gives,a-D
b
a as n -57-
b (Edc/^)

4 5 T 7
a (Pulse asymmetry factor)
Then substituting the 
Eq. 32 gives,
1 a a1/117* *
limiting value ©f ,,b° for large "n1* into




From this it is seen that as BaM becomes large, the efficiency 
is limited to less than or equal to 50%„
A computer program was written for the Eq* 29 such that ’’a” 
and **nB were indexed and such that for each pair of values of "a” 
and rtn’* the ttb” which gave the maximum efficiency, and the maximum- 
efficiency were determined,. The results of these calculations are 
given in graphical form in Figs* 34 and 36.
The plotted data indicates that?
19 Increasing ’’n’* beyond about 15 does not increase the
efficiency very rapidly i.e., the curves show a marked saturation
effect with the knee of the curve occurring at about n=9®
2. The curves representingas a function of ”a” with ,,nn 
as a parameter also show a similar saturation effeet with the knee 
of the curve occurring at about a=4*
3* The wbtt value for maximum efficiency increases with in­
creasing ”n” and with increasing "a".
If these results are compared with those given by the exact 
method for n=3 and n=5, one has,
n Exact Method Approximate Method
3 2*82 3®14
5 5*03 6*68
These results indicate that the approximate method does give 
optimistic results, but that they are in fair agreement with 
the exact results at least for the lower “n” and tta” values. 
Interpretation in Terms of Practical Circuits
The analysis of this section indicates that it is possible 
to ’’rectify**, electrical energy using nonlinearities of the form
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x “ K sgn .(e) j e | n , and that ultimate efficiencies are limited 
to less than 50%, In terms of practical circuitry (as will be 
discussed in Section B), presently available nonlinearities have 
an upper limit of about 9 for their exponent* Since the method 
is then limited t© efficiencies ©f the order of 25%, its appli­
cations must be limited t© cases where some characteristic of 
ordinary rectifiers reduce their efficiency t© b@l©w 25%, The 
most ©bvi©us situation in which this happens is that ©f rectifying, 
high frequency power* At high frequencies power rectifiers are.to© 
slow t© act as switches and they, therefore, become inefficient® In 
eases like this, the pseudoreetifieation technique ©ffers an advantage 
©f power handling capability at moderate efficiencies*
Bo Sonsideration of Nonlinear Material 
Sources of nonlinear folt-Ampere ©haraeteristics
Section A indicated that it is possible to “rectify* high 
frequency energy by means ©f pseudoreetifieation provided an 
element with a nonlinear volt-ampere characteristic usable at 
high frequencies is available. The basic problem is then to find, 
a nonlinearity which is “fast* enough to still look like a non­
linearity at frequencies of the order of several gigacycles®
There is no dearth of nonlinear circuit elements that are usable 
at low frequencies. For example, vacuum tubes, semiconductor 
diodes, thermistors, and varistors are all nonlinear circuit 
elements. ©f these devices only the diodes are known to have 
reasonably high frequency cut-offs. The difficulty with the 
diodes is that they are junction devices in which the area of 
the contact is restricted. The result is that in general the - 
device is limited to low powers at high frequencies. It is possible 
t© obtain high power diodes by enlarging the contact area, bat 
this procedure results in a greater junction capacitance and 
correspondingly a decrease in the high frequency efficiency.
Varistor material, however, is a bulk material which may have high 
frequency capability. In general, it is desirable to have a bulk 
material which is independent of frequency. Several possibilities 
exist for obtaining such a nonlinear material.
The possibilities that come t© mind are* hot electron phenomena, 
ionization phenomena, and bulk varistor phenomena. Of these only
-62-
tiro are useful at high frequencies® The ionization phenomena in 
gases and in semiconductor materials have extinguishing times of 
the order of 1©”^ seconds and are, therefore, limited to-frequencies 
of the order of a megacycle® This leaves us with two basic phe­
nomena which are bulk in nature and which might be useful at high 
frequencies®
Bulk Nonlinearities
At the present time, a considerable effort is going into
the study of hot electron phenomena® In particular E® ©onwell,
Y0 Fowler, and J® Zueker of General Telephone and Electronics 
2Laboratories have studied the hot electron effect in silicon and 
germanium® Their results indicate that the hot electron phenomenon 
provides a nonlinear volt-ampere characteristic at low frequencies, 
and that it is still nonlinear at frequencies of the order of 
7© Ge® The major drawback to the hot electron phenomenon approach 
to nonlinearities is that the basic mechanism for the change in 
resistivity in a material exhibiting the phenomenon is that of 
scattering of the conduction electrons by the lattice structure of 
the material® This occurs only at very high energies and, there­
fore, at high fields® In addition the effect is one of decreasing 
conductivity of the material rather than increasing® The current 
density-voltage field expression developed by E® ©onwell is of 
the form,
J - (<3% - <£') tan “1 (E/Ej * <C\
where cf"” and E are constants determined by experiment® Using
the arctangent type of nonlinearity E® ©onwell calculated that the 
upper limit of efficiency of third harmonic generation is about 
two per cent® This work does not include any information on the 
use of the hot electron phenomena for energy conversion, but it 
is possible to compare the effectiveness of the nonlinearities 
by using the harmonic generation criterion®
The bulk varistor phenomenon which is to be compared to the 
hot electron phenomenon has been used for a number of years in 
overvoltage protectors and in lightning arrestors® The basic 





A Third Harmonic Generator 
Fig. 37
silicon carbide crystals when bound in a ceramic binder exhibit 
a volt-ampere characteristic which is expressible as
i(t) » K sgn (e) } ejn (n ranges from 1 t© about 4)
over a large portion of its voltage range. It is believed that 
the basic mechanism for the variation of resistance is a contact 
phenomenon that occurs at the grain contact of the bound silicon 
carbide. This leads us to refer to this type of nonlinearity as 
“essentially bulk**. It is this essentially bulk type of material 
with which the'remainder of this work is chiefly concerned.
For purposes of comparison of the types of nonlinearity 
(conductivity softening from hot electron phenomena and con­
ductivity hardening from bulk varistor effects) the efficiency 
that is theoretically predicted from a hard nonlinearity used as 
a harmonic generator is now calculated. Consider a sinusoidal 
drive of the form,
e(t) ■> cos wt
used to excite a nonlinearity of the form, 
i(t) = K e(t)a (n ©dd)o
In addition consider a circuit in which the only voltages that 
exist across the nonlinearity are the drive signal and the desired 
harmonic. The circuit realization of these statements is shown in 
Fig. 37.
The total voltage across the nonlinear element is then giyen
by*
and msiag the nonlinear expression for the current in terras of 
the voltage, i(t) is obtained as,
i(t) « K (eos wt + b eos 3wt)s (n odd)®
Letting n=3 and expanding the function for the current makes it 





where 1^ and 1^ are the amplitudes of the fundamental and the 
third harmonie currents respectively® In order to obtain positive 
power output b=-a is substituted into the current expression®
This gives,
>ia * f- !
P = | a 7 (1- 6a - 3a3)
and from this the efficiency is obtained as,
/?? - a ^ ~ 6a x 1©0$®
( 3 (1 - a + 2a )
The maximum efficiency given by this function is approximately 
1®5$® Carrying out a similar analysis for n=5 gives^=2.9$ and if 
»nM is increased even further, still higher efficiencies will re­
sult® The varistor type nonlinearity is, therefore, seen to yield 
approximately the same efficiency as the hot electron phenomenon® 
Theories of Essentially Bulk Materials
Shive 3 has Indicated that the terminal effects of a common 
silicon carbide varistor can be approximated by a system of a 
large number of randomly oriented interconnected diodes® This 
picture predicts the antisymmetric nature of the characteristic 
and its general power'law behavior® Other authors have investi-
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gated the nature of the nonlinearity in great detail and have 
generally concluded that the mechanism by which the nonlinearity 
is generated is associated with the mechanical contacts, Schwertz^ 
developed a model which predicts that the behavior of a compressed 
sample of unbound silicon carbide aggregate will be of the form,
i = K dH"2 Im
where k, n, and m are determined experimentally, P is the pressure
on the sample, and d is the mean grain size in the sample. His
experimental results agree very well with his theory, but do not
give much insight into the basie physical laws which govern the
nonlinearity,
5Carroll has shown that for samples of silicon carbide with 
bulk resistivities of the order of 1 ohm cm the resistivity of
7the aggregate samples under compression are of the order of 10 
ohm em. This gross disagreement between the bulk properties and 
the aggregate properties is again attributed to some unexplained 
contact phenomena,
Fagen^ presented results that indicated that part of the 
mechanism of the nonlinearity is that of heating of the material 
in the constricted area of the physical contact. He did some 
very good pulse work which indicated that even after the heating 
effects were reduced to an absolute minimum there was still a 
nonlinearity. In doing this Fagen showed that the nonlinearity 
showed up using pulses of 25 nanoseconds duration. This means 
that whatever the phenomena are they are capable of responding 
to impulses shorter tham; 25 nanoseconds.
It is not the purpose of this work to try to unearth the 
basie physical laws that govern the nonlinearity of this 
essentially bulk nonlinear material, but it is rather to determine 
the usefulness of the material for pseudorectification,
G, Experimental Betermlnation of the folt-Ampere Charac­
teristics of Bulk Materials at Mierowave Frequencies 
Mature of the Problem
It is the purpose of this section to develop the theoretie&l 
background for the experimental technique which is used in de-
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termining the nonlinear volt-ampere characteristics of aggregate 
samples of silicon carbide crystals. The problem is made more 
difficult because the material is mechanically unworkable and can 
only be ground or fractured. Single crystal samples of the material
would be of little value since it is an aggregate effect which is
• • ■ ' • ‘to be determined® It is::, therefore, necessary to find an experi­
mental technique which can be used to directly or indirectly 
determine the volt-ampere characteristic of bulk materials at 
microwave frequencies. ' , ■ .
One helpful feature of the problem is that with the exception 
of resonance phenomena the loss of bulk materials increase with 
increasing frequency® This generally means that the greatest 
degree of nonlinearity will occur at low frequencies or at d-c.
The problem then is to determine whether or not the nonlinearity 
which is known t© exist at low frequencies is swamped by loss 
terms at high frequencies®
Direct current measurements can be made with extreme ease 
and are subject to only on® difficulty—heating of the sample.
If the characteristics ©f the material under test are a strong 
function of temperature ©are must be taken to avoid heating of the 
sample during the tests® fThis objection can be overcome by using 
pulse techniques® Such techniques can give information about the 
frequency response of the sample up to frequencies of the order of 
30 Me® Several methods already exist for determining the micro­
wave properties of materials®
Commonly Used Techniques " J
There are three commonly used techniques which give infor­
mation about the microwave frequency characteristics of material® 
These ares shorted guide techniques, perturbation techniques, and 
undisturbed field techniques® Each of these methods has-disadvan— 
tages with respect to determining the nonlinear volt-ampere character 
istics.ff bulk material®
The shorted guide technique is frequently used to determine 
the dielectric constant and loss factor for materials® This method 
consists of placing a known size sample of the material against ■ 
the shorted end ©f a waveguide or shorted coaxial line and then 
determining the changes that this produces in the standing wave 
pattern. The major difficulty that arises if one tries to apply
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this technique to the measurement of nonlinear materials is that 
the nonlinear material introduces a significant quantity of harmonic 
distortion in the reflected wave® This harmonic content makes it 
difficult to use the slotted line techniques that are normally 
employed to measure the standing wave pattern in waveguides or 
coaxial conductors® For this reason the method was deemed 
unacceptable in this case®
The perturbation technique generally consists of noting the 
change in the Q and resonant frequency in a high-Q cavity when a 
small (perturbation) sample of the subject material is placed in 
the cavity® The method is not basically designed to determine the 
resistivity of materials in which the resistivity is a function 
of the applied field® An attempt to extend the method to such 
eases would lead to a perturbation technique in which not only the 
field of the cavity would have to be considered as a perturbation 
problem, but in addition the resistivity of the material would 
have to be perturbed as a result of the perturbed electric field 
in the cavity® Presumably the method could be used to give some 
information about the volt-ampere characteristic of the perturbing 
sample by noting the rate of decay of the response when the cavity 
is shock excited® However, quantitative information cannot 
generally be obtained in this way without solving a nonlinear 
boundary value problem® In addition it is mechanically difficult 
to vary the compression on an aggregate sample inside a micro- 
wave cavity® 2E® Gonwell used the undistrubed field technique to determine 
the properties of silicon and germanium at microwave frequencies.
The method she used was to draw a very fine filament of the material 
to be tested and place it across the short dimension of a wave­
guide® Since the filament was very fine she assumed that its 
presence did not disturb the electric field in the waveguide. A 
traveling wave was then transmitted down the guide and the change 
in resistivity of the filament noted® Since the exact amplitude 
of the traveling voltage wave can be determined, it is possible 
to determine the change in resistivity of the sample for a known 
microwave field® This method is certainly not applicable to the 
case of silicon carbide aggregates since it is impossible to get
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an aggregate sample which behaves like an aggregate and yet does 
not disturb the field in the waveguide*
The time tested methods for determining the microwave pro­
perties are seen t© lead t© difficulties in this ease® For this 
reason the d-c interaction method was developed®
B* 0® Interaction Method
The ,fd-e interaction method” is basically a method of comparing 
low frequency properties of a bulk material with the microwave 
properties of the material by noting the interaction between direct 
current and microwave power in the sample material® This restricts 
its usefulness to the determination of nonlinear resistive pro­
perties since the linear component of bulk resistivity cannot cause 
interaction between d-e and microwave power® In other words,_ the 
method separates the linear microwave loss term from the non­
linear volt-ampere characteristic®
A typical microwave circuit and sample holder are shown in 
Fig® 33 and Fig® 39® A sample of silicon carbide is compressed 
in the sample holder to a known compression by the spring and 
the thickness of the sample is measured® Then a low frequency or 
d-c test is made to determine the low frequency characteristic 
of the material In the sample holder® It should be noted that 
the characteristic thus obtained is not the same as would be 
obtained for a sample held in a holder that has a uniform field® 
Since the holder used is a coaxial holder* the field is highest 
at the center conductor and lowest at the outer conductor® The 
point of this first part of the experiment is to determine the 
behavior of the material in this particular sample holder® Its 
behavior can then be related to the behavior in bulk quite easily 
at least at low frequencies*
Once the low frequency characteristic of the sample is known 
the constants in the low frequency relation*
i(t) = K en(t) (n odd) .
can be. determined® The sample is then placed in the microwave 
circuit* and the d-c and microwave powers are applied at the> same 










Fig. 38 Experimental Setup
\ Samplej OTTO
Fig. 39 Sample holder
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the d-e current* The change in current is then correlated..with the 
d-c characteristic t© determine the change in the nonlinearity* 
Analysis' of the D-C Interaction Method
The mere general case of a nonlinear material haring a non-... 
linearity of the form i=f(e) where f(e) is a symmetric (odd) non- 
linear function of its argument » is now considered* /It is assumed 
only that the function f is continuous over the entire range of ' 
interest, and that a power series expansion exists for the 
function* It is assumed that the form of the nonlinearity is 
determined at low frequencies ©r even at d-e for the actual sample 
in the test sample holder* The eurrent is, therefore, given by,
pO
i(t) » (e)k (1)
k«l
k odd
where the a. values are determined from d=•c measurements* When
both microwave and d-e power is applied to the sample simultaneously 
Ben becomes,
e = e(t) s 1 cos wt + E, mw . de
where E, is the value of the d-c voltage applied and E is thede e rr ■ mwmaximum.amplitude of the microwave voltage waveform* Using this 
expression for the voltage applied to the nonlinear element i(t) 
is given by,
i(t) = ■ a. (I cos wt + E )k . (2)
■ ■ / ' k mw d©
k-1 
k odd
If E «0 and E ■?£ 0 mw de
If Edo-0 and S^O
equation 2 gives the value of the d-e 
equation 2 reduces t®,
current*




Since this expression is the sum of odd power of sinusoids, it has
zero average value* That is, there is no d-c generated by the micro
wave power exciting the nonlinear element alone* (This can be
demonstrated by repeated integration.) If both S' and E areuc mw
non-zero at the same time i(t) is given by equation 2. Each 
term in this series is expandable in a binomial series. The 
general term of the power series, therefore, becomes
k k k-1(E cos wt ■+ E, ) * (E cos wt) + k(E cos wt) E,v mw dc iw mw dc
,+ k (E cos wt)k“ E. +
' :iw ■ dc + Edc (3)
In this expression every other term has an even newer of E cos wt 
as a faetor and hence has an average value. The odd 
power terms have zero average value as before. The d-c current 
that results from a d-c voltage acting alone is given by,
jdc T \ <sd=)k ^
k=l 
k odd
and the d-c current that results when both microwave power and 
d-c power are applied simultaneously is
Idc +^Idc ” T
•T oo
a, (E cos wt + E , ) dt k mw dc (5)
k=l 
fo , k odd
where the difference I. is the result of interaction betweenPc
the microwave and the d-c in the nonlinearity. Therefore, I^
>k
oO












mw cos Wt ) E , dt.Q. G
But ©f all the terms in this expression only those for which k-1 
is even contribute to the d-e value. Hence, all terms for which 
Ji is even are eliminated and A I. is given by,
■ C**0 —
ak 003 Ht)k''*’Edc dt (6)
J k-1 Jf^i V* /
k odd jg odd
This expression is the d-e interaction equation..
With Sqv 6, it is possible to predict the value of ALQ. G
at microwave if the nonlinearity does not change as a function 
of frequency.. That is, if an experiment shows that the AI* at. Cl G
microwave is equal to the value which is predicted from the low .
frequency model one has shown that the nonlinearity is the same at 
microwave as it is at d-e. It should be re—emphasized that this 
result does not include any information about the power absorption 
of the material at microwave frequencies. This information must 
be obtained by other means. If the outcome of an experiment is a 
smaller value ©f^I. than that predicted, the conclusion is that 
the nonlinearity is not as strong at microwave frequencies as it 
is at d-e. If a greaterAI. I® obtained the nonlinearity is 
greater at microwave than it is at d-e. .. ,
In particular for the ease of silicon carbide it is assumed 
that f(e) can be represented by the simple expression e11 where n 









n (I cos wt)n”^E, dt 
% mw ' • ' dc (7)
This summation has only one a that must be determined at lown
frequencies. For ns3 Eq. 7 becomes,
‘3 2
2Emw
The ease n=3 is of particular interest because it predicts that 
/\ 1^ is directly proportional t® the square ©f the microwave 
voltage#
For n=5 Eqe 7 reduces to,
P gt* **. *5 aL **.) . '<» ■
This expression sh©ws a much stronger dependence of AI, on thedc
microwave voltage and justifies the earlier assumption that ©no
would like a nonlinearity of high degree for best results in
pseudoreetifieation# ....
If the values for A I obtained from a particular sample for
various values of E„„ are plotted on log-log paper with E as.
the abscissa the slope for high powers will be equal to the degree
of the nonlinearity minus one, The slope at very low powers should
always be 2 independent of the degree of the nonlinearity (as long
as it is three or greater)#
Consideration of Dielectric loss
The fact that the material has a dielectric constant does not
enter directly into the calculations since it has been assumed that
it is possible to determine the voltage across the sample,, That is,
the actual voltage aeross the sample itself not just the voltage at
the input to the microwave circuit must be determined,, If the sample
material has a nonlinear lossy dielectric constant, it is neeessary
to investigate the way in which such a loss term enters into the
calculationso The point is that if the loss term due to dielectric
hysteresis causes an appreciable change in the E that is actually
applied aeross the sample over that which is measured, an error
will be introduced into the determination of Al, o If, on the otherdc
hand, the loss simply causes an apparent change in the impedance of
the sample so that the current supplied by the source is increased
(looks like a parallel loss term) no change in AI. will result#dc
To investigate this phenomenon it is assumed that the total 
voltage across the sample is given by,
I?(t) = E cos wt (10)
And based on low frequency results, it is assumed that the material 
is isotropic and has the following bulk properties,
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where cT is the conductivity,£ is the electric field, D the
■■displacement, and P the polarization vector. That is,a is-an 
even function of the field and the dielectric constant is partially 
the result of a polarization phenomenon.
The total current density In the sample is given by,
t T ■
T c $ t (11)
where J is the conduction current density, c
Jc
The vector form is dropped because the material is isotropic and 
the field is always parallel to the resultant current. The in­
stantaneous power flow per unit volume is then obtained by multi­
plying the expression for the total current density by the electric 
field F .
p(t) « £jt £?<f + DCTt (12)
It is further assumed that the displacement vector D is given by
b . eo£ p all , M.
b t (13)
where P the polarization vector is taken as a function of the 
field strength and the time rate of change of field strength. 
This method ©f expressing the polarization vector admits the 
possibility of a frequency dependent loss. In general the 
mechanism by which dielectric loss is introduced is that of an 
apparent inability of the polarization to follow the applied 
field. This gives rise t® the type of hysteresis curve shown in 
Fig. 4®. As in magnetic hysteresis curves, the area inside the 
hysteresis loop represents the loss associated with polarization 
damping. The broadening of the loop with increased frequency 
indicates that the loss increases with frequency which is a 
typical result.
If the above expression is now integrated over a full period 
and averaged, the result is the average input power per unit 
volumes Therefore,




The nature of this dieleetrie loss is now investigated in 
order to determine the "best way to represent it in an equivalent 
circuits The dipole moment of a material results in general from 
either a fixed dipolar molecule that is free to rotate or from 
induced dipoles which result from the applied field, that is, a 
displacement of semi-free electroms from their equilibrium position 
about fixed positive ©harges or, in the ease of junction type 
polarization from a widening of the depletion layers7Following the approach used by Von Hippie it is assumed 
that the situation is eapable of being represented by an 
electronic ©seillator of the form shown in Figs 41*
An Electronic Oscillator 
Fig, 41
This model Is particularly satisfying for the ease of a depletion 
layer type of capacitance since in that case even the gross mechanism 
is known t© he ©f this type©
The dipole moment ©f a single unit oscillator is given by,
yLi = e z (15)
where z is the displacement of the,charges and is determined by
I ‘the local field£© The polarization vector is then given as 
P=Iez where N is the nmmber of electronic oscillators per unit 
volume© Therefor®, when £'is applied to this system, a driving 
force e £* is applied t® the unit oscillator© This results in 
the following differential equation for the displacement z©
.2d z
dt
+ 2oC dzdt + w z m (16)
Where ©4 is the damping factor or loss term for the oscillator,
■w is the natural resonant frequency of the oscillator, e is the 
magnitude ©f the charge being displaced, and m is the mass of the - 
charge being displaced© Substituting P=Iez into Eq© 16 one obtains,
afp * 2 * w2 p = $-
“T A dt o Hmdt
For c a sinusoidal driving function represented 
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w - w + 2©Cj w© .
Jwt (ia)
The above expression is familiar as the resonance expression 
for an ordinary RLG oscillator. Separating the right hand side 
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If one considers 
field one has,
f“ 2 2_ €o T»e
Wni 1 , 2 2,-w )




/ 2 2s'Cw -w / o (2w<X )
(19)
The substitution off for C' is a rather gross approximation 
since the field C will certainly depend on P. ' However, in general
the. P dependence only changes the value of w and since it is noto
clear what the dependence should be (the Mosotti approximation is
gi p= £ + Jg. while that assumed in semiconductor junction 
theory is £*=£+ P), the approximation is felt to be sufficiently 
accurate to provide the qualitative results desired.
Substituting the polarisation term into the last term on 
the right hand side of Eq. 14 the local po^'^er exchange relation 




2®^w cos" wt dt
-T/2 ( 2 2V(w -w )© + ( 2w 0( ) (20)
cos wt sin wt
2 ; w -wo__ _ dt
( 2 V(w -w ) 0 ' (2&( w)
“ .w^ ^__ ._______—...
Hm (w2 -w2)2 + (20Cw)2
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where was replaced by cos wt before introducing P into the
integral so that the products could be taken* From Eq* 20, it is 
seen that the loss term is proportional to a frequency dependent- 
constant times the square of the local field. In other words, it 
looks like a frequency dependent conductance loss term. Since 
the loss term thus derived depends on the local field and not on 
the nonlinear conductance term one is justified in considering 
the loss as being due to a parallel conductance g(w). This gives 
rise to an equivalent circuit of the type shown in Fig. 42,
€
4
Equivalent Circuit of Nonlinear Material
Fig. 421
where g(e) and g(w) are conductances and cq and e(w) are capacitances. 







e (w) c o
/' 2 2n .(wq -w ) +
2
(2©lw)
s and g are experimentally determined quantities.© © ■The input power to the equivalent circuit of Fig. 42 con­
sists of two. componentsi the componenet due to nonlinear con­
ductance and the component due to the polarization loss. Generally, 
the polarization loss will become the dominant term at sufficiently 
high frequencies, but it is important to note that the parallel 
conductance model predicts that the volt-ampere relation of the 
nonlinear portion of the conductance will not be affected by the
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polarization loss. That is, the sample may become very lossy at 
high frequencies without losing the ability to interact with d-c 
as predicted by Eq. ?•
The d-c interaction technique should, therefore, be capable 
of determining the form of the nonlinearity of the true conductivity 
independent of the frequency dependent dielectric loss.
One additional consideration must be examined with respect, to. 
the loss mechanism of silicon carbide or other similar aggregates.
As was pointed out previously, the mechanism by which the non­
linearity in silicon carbide aggregates is obtained is thought to 
be associated with the contact between crystals. This is sub­
stantiated by the fact that the low voltage resistivity of an 
aggregate of silicon carbide will have a resistivity about seven 
orders of magnitude greater than the bulk resistivity of the 
material. This situation can be represented by a model of spheres 
as shown in Fig. 43*
The model of Fig. 43 implies that the major portion of the field 
is across the contacts and that only a very small field exists 
across the low resistivity material. This does not affect the 
nature of the dielectric loss until the displacement current becomes 
sufficiently large to introduce a significant change in the field 
across the contact. This point will be reached when the displacement 
current is greater than the conduction current by five or six orders 
of magnitude.
Even at much lower frequencies, however, the power absorbed 
by the bulk material may become significant since the absorbed 
power depends on the square of the displacement current. This 







Aggregate Sample Model Showing Contact Resistance
Fig. 43
two or three orders of magnitude greater than the conduction current
and may have to be considered in interpreting experimental results.
Determination of E
IX1W
Fig# 44 shows the aicrowa?e circuit that is used to-determine










connected through an attenuator to the dual directional coupler 
which is used to measure the input power to the sample. This 
much of the circuit uses waveguide components. After the dual 
directional coupler a probe type transition from waveguide to 
coaxial cable is used to isolate the d-c and to convert to 
coaxial cable where the mode of transmission is TEM. The power 
at the output of the s&ilple is measured by a stripline dual 
directional coupler with capacitatively coupled directional arms. 
Again the d-c is isolated. An attenuator is inserted between 
the output of the last dual directional coupler and the WT" 
at which the d-c is connected into the system. This is done to 
prevent an impedance mismatch caused by the d-c insertion from 
appearing at the output ©f the sample. The large attenuation 
between the WT** and the sample reduces the standing wave ratio 
at the sample t© nearly unity. Finally the excess power is 
dissipated in a load.
This experimental set-up allows the exact determination of 
input and output power with the sample in its holder. It also 
provides information about the standing wave rati© at the input. 
The standing wave rati® can then be used to calculate the mag­
nitude ©f the sample impedance.
§©nsider a section ©f transmission line of nominal impedance
Z = R =5© ©hms* This section of transmission line is connected © ®
to one end of the sample holder* and a similar section of line is 




Input and ©utput Connections to Sample 
Fig* 45
Since Pine* Pref* and are all measured and since a matched
attenuator has been inserted in the line after the sample, it is 
possible to calculate the Toltage on the load side of the sample
simply as,
v-V*P» *. (22)
where is the maximum amplitude of the transmitted.sinusoidal
wave* If there were a standing wave on the load side of the sample, 
it would not be possible to make this calculation in sueh a simple 
manner* Since there is no appreciable standing wave on the load 
side of the sample, E^ is the magnitude of the voltage that appears 
across the line at the load end of the sample* And, since the 
tangential component of an E field is continuous across a boundary 
(the boundary in this case being radial as is the field), the voltage 
at the load end just inside the sample is E.* This,-however, is 
not necessarily the voltage which appears at the generator - end of 
the sample* A change in voltage is necessary to account for the 
power lost in the sample* The voltage which would appear at the 
load end of the sample if there were no loss in the sample would be,
E -'sjz Ro (rT * Plo„).V (23)
lence, the voltage at the generator end of the sample is calculated
2? 4
Eg
VI <PT +o P, )■ loss
The actual voltage across the sample de©ays exponentially with 
distance; but since the sample in this ease is a fraction of a 
wavelength long, it is assumed that the attenuation is linear. 
Therefore, the average voltage across the sample is given by,
E E
E , is ave
E
then used as E . Hence. mw l











The microwave experimental set-up shown in the photograph of 
Fig. 46 was constructed and used to test the theory developed in 
the previous sections. The set-up consists of a continuous wave 
magnetron, a variable attenuator, a waveguide dual directional 
coupler, a waveguide to coaxial cable transition, a sample holder, 
a coaxial attenuator, a coaxial dual directional coupler, a d-c 
insertion T, and an antenna load. Figs. 47 and 4® show assembled 
and disassembled views of the sample holder. The sample holder con­
sists of a plunger section and a tube section which fit together 
to form a telescoping line section. A teflon retainer slug fills 
the tube end for about half of its length and the plunger end is 
completely filled with teflon so that when the two sections are 
fitted together an annular region is formed between the teflon of 
the plunger and the teflon slug filling half the tube end. The 
sample is placed in this annular region and compressed by the 
spring. The spring constant of the spring was determined separately 
and then used to determine the force being applied to the sample.
Two tests were run on the sample in its holders a d-c test 
and a microwave test. The d-c test consists of applying a d-c 
voltage to the sample and measuring the resultant current. The 




Fig. 46 Test Equipment for Determining D-C Interaction
Fig. 47 Sample Holder
Fig. 48 Sample Holder Parts
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properties of the material with the d-e characteristics. Typical, 
test results for this test using a mixed aggregate of black silicon 
carbide (with about 25 per cent green crystal impurities) are given 
on the graph of Fig.‘49® The average slopes (n values) and the 
constants K for the expression i = K sgn (e) | e | n which relates 
the current through a sample to the voltage across it are also 
given on the graphs.
The test set-up for the d-c interaction test is shown in 
Fig. 46® In a test the power output from the magnetron is 
measured by measuring the forward and reverse powers using the 
dual directional couplers and is adjusted to the desired level by 
adjusting the waveguide attenuator. The probe type transition 
from waveguide to coaxial line serves the dual function of per­
forming the transition and also of isolating the center conductor 
of the coaxial lime d-e wise. The output of the coaxial line is 
isolated from the point at whieh the d-e is inserted by a 16.4 db 
attenuator (l®0 of RJ/9 eable) in order to insure a nearly unity 
standing waYp ration at the output side of the sample. The output 
power is mpisured using a stripline dual directional coupler at 
the load end of the 16®4 db attenuator. Again since the coupling 
arms are capacitatively coupled to the main conductor in this type 
Of coupler* d—e is isolated® Hence* the d—c and the microwave 
are applied to the sample in exactly the same way - as radial 
fields® The difference between the d-c currents whieh the sample 
passes when only the d-e is applied and when the d-c and micro** 
wave power are applied simultaneously is determined. From this data* 
it is possible (as shown in section A) to compare the microwave 
nonlinearity with the d-c nonlinearity of the sample. Some difficulty 
was encountered in making these tests because of heating of the 
sample. Since the material has a negative temperature coefficient 
of resistivity* as the sample heats up the whole set of curves as 
shown in Fig. 49 shift to the right or to higher current values.
This can be compensated for in the test results by adjusting the 
experimental results t® a common K value. This is done by observing 
the value ©f d-e current just after the microwave power is turned 
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value, the new value ©f the ©©efficient K, . for the material ishot „
determined* The normalized current is then calculated as cold
.(I^ )♦ The current values used t© determine the points not 
®n the graph ©f FigSo 5® and 51 were determined in this way®
'Figs* 5® and 51 give a comparison between calculated and measured 
^ I values fer various compressions and d-e voltages* In 
each ease, the material shows a definite nonlinearity and a 
correct general behavior. However, the lower d-c voltage (25 volts) 
in each case yield only a fraction of the interaction predicted 
while the higher d-c voltage (75 volts) give good agreement with 
the theoretical values® The scattering of the points is attributed 
to heating effects in the sample.
Fig® 52 shows the dependence of loss on the microwave input 
power. Also included in Fig. 2 is the theoretical loss pre- - 
dieted by a purely resistive model for the silicon carbide material. 
The fact that the actual loss is three orders of magnitude greater 
than the loss predicted by the resistive model indicates that 
there is another loss mechanism contributing a major portion of
the loss® As indicated in section G, this mechanism is undoubtedly
2a polarization loss® If the loss were I R loss there would be a 
significant decrease in the d-c interaction.
I® Conclusion
Based on the experimental results of section B, it is clear 
that the material chosen for the investigation is not satisfactory 
for use at microwave frequencies® The polarization loss which is 
of the order of 1000 times the resistive loss reduces the ultimate 
efficiency from 5© per cent to .05 per cent. This does not mean 
that another material or even another form of this material will_ 
not provide close to the theoretical efficiencies of pseudorecti­
fication, but it•does indicate that this material is not satisfactory 
The fact that pseudoreetifieation works and that the nonlinearity of 
silicon carbide still exists at microwave frequencies have been 
demonstrated. The remaining task is to learn enough about the 
source of the nonlinearity in silicon carbide to decrease the 
polarization loss without destroying the nonlinearity.





(Max. Amplitude of Microwave Voltage)
Predictions as to the size and weight of a converter using 
pseudorectification can only be made when a material is found 
which has low loss and a high degree of symmetric nonlinearity.
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III. Microwave to D-C Conversion in a Klystron-Like Device
A. Introduction
The experimental investigation of the conversion of micro­
wave energy to d-c energy through the use of a klystron-like - 
tube, containing an electron gun, a buhcher cavity, a drift space, 
an accelerating cavity, and a collector, could be achieved through 
the use of either a commercial klystron or one designed specially 
for this experiment. For several reasons, the use of a commercial 
tube seemed impractical.
The medium power output desired (fractional kilowatt region) 
is achieved in commercial tubes by operating in the small signal 
region. The location of the output cavity is not necessarily 
optimum, and it was felt that smaller conversion efficiencies 
would result. Moreover, the output cavities in commercial klystrons 
are often designed to provide relatively large bandwidths, and the Q 
is;, therefore, lower than that which leads to the higher conversion 
efficiencies. Finally, commercial klystron amplifiers are usually 
provided with output cavities having a small gap and a small gap 
transit angle; this condition leads to lower rf power requirements 
and lower efficiencies. Larger transit angles are required for 
more efficient power transfer to the beam.
For these reasons, the design of a klystron was undertaken 
which would avoid these objectionable features, as well as provide 
an adjustable drift space length. It was desired that the klystron 
have a high perveanee electron gun and two cavities which could 
be mechanically tuned to 2440 Mcs to match available signal 
sources. An adjustable separation between input and output 
cavities permits transition from small signal to large signal 
operation.
B. Theoretical Considerations/
1. Electron Gun - To obtain a usefully high conversion 
efficiency and power output, the electron gun must be designed as 
a high current, low voltage device. This requirement implies 
that a high perveanee gun is needed. Specifically, the micro- 
perveance must be greater than unity.
At the high operation frequency used, the beam diameter must 
be small; a value of 0.080 inch was selected. A converging solid
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beam gun enables a high beam current to be obtained from an 
oxide coated cathode. _
The theoretical methods of gun design described by Pierce^
are only suitable for low perveance guns, and the design was based-
•• 2 ••on the method described by Muller . Muller*s design curves are not 
sufficiently accurate to provide the major gun dimensions, and it 
was necessary to carry out in detail his theoretical treatment in 
order to obtain a set of curves from which several electron gun 
designs might be obtained.
In order to provide a simpler adjustable drift length, it 
was decided to avoid magnetic focusing. An additional constraint 
on the gun design thus arose, the necessity of obtaining a minimum 
beam diameter at as great a distance from the cathode as possible 
without prejudicing other design objectives.
An electrolytic tank study was undertaken to determine the 
proper position of the focusing electrode. Again, Mullerfs paper 
contained curves showing the location of this electrode, but with 
insufficient accuracy. However, the curves proved to be an 
excellent check against the results of the electrolytic tank study.
After construction of the gun had begun, the design was 
modified slightly to provide an insulated focusing electrode which 
could be biased to minimize the interception current. This modi­
fication permitted broader machining tolerances.
Estimates of the thermal radiation and conduction losses from
the cathode were made, and they indicated that a heater power of
about 33 watts was necessary.
The design characteristics of the electron gun are as follows:






0.080 inch at 0.200 inch in
front of cathode
2. Oavities The calculation of the cavity dimensions and
————— 3
Q*s followed the analysis of Fujisawa . A cross-sectional view of 
the cylindrical cavity is shown in Fig. 53, and the equivalent 
circuit is sketched in Fig. 54. The following design equations
are those of Fujisawa:
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where e = 2®7182








Fig.-. 53 . .
Cavity Equivalent Circuit 
Fig. 54
The gap capacitance formed by the parallel plates is Cq, and
this is somewhat less in the actual cavity where an opening for
the beam must be provided. The capacitance is the equivalent
capacitance of the cavity region and is mainly formed by the
capacitance between the side wall of the post and the end plate.
The gap spacing d is fixed primarily by the beam potential.
This is particularly true in the buncher cavity where efficient
velocity modulation requires a gap transit angle less than one
radian. In this cavity, a gap spacing of 0.050 inch was selected,
0leading to a gap transit angle of 59*4 • It was found that smaller 
gap spaeings tended to reduce the cavity Q.
-96-
A relatively large gap spacing is needed in the accelerator 
cavity to produce heavy beam loading* A gap spacing of 0.100 
inch was chosen, and the corresponding transit angle for a 1000 
volt beam was 119°.
Mechanical considerations dictated a choice of 1 inch for r^ 
in the buneher cavity, and 0.250 inch for r in the accelerating 
cavity. The remaining parameters were selected to satisfy equation 
1 and to maximize the Q of the accelerating cavity. A final com­
promise was necessary, since an increased Q for the accelerator 
cavity was accompanied by a decreased Q for the buneher cavity. 





The cavity dimensions and equivalent circuits are shown for 
the buneher cavity in Fig. 55, and for the accelerating cavity 
in Fig. 56. Silver cavities are assumed. The effect of the beam 
loading is represented by R^ and C^, and the capacitance 0 is the 
sum of 0 and ®s O J_
R , = 16,650 ohm
0 = 10.15 pf
Cfc L = 418 ph
R, = 283 kohm b -
0 - 4.1X10”4 pf
b
Fig. 55 The equivalent circuit of the buneher cavity. The 
dimensions ares r1=0.97©,,s r@«©.775,^' d«Q.05©», h=0.366", f=2.44©c,
the kinematic theory approach (4)







R , = 346 kohmSil
G = 1,00 pf 
L = 4210 ph 
1, = 87® 9 kohmD
G. = 4«4XieT4D
Fig, 56 The equivalent circuit of the accelerating cavity.
The dimensions ares
f=2,44 G«, Q1@aded
^-©•700'*, r =0,250", d»0.100«, h-©.8©5«,
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is the average velocity of the electrons in the accelerating 
gap increases, the effective gap transit angle decreases, the beam 
conductance drops, and the cavity loading decreases. It thus 
becomes increasingly more difficult to transfer energy from the 
cavity to the beam as the beam velocity increases. It is estimated 
that the maximum average beam velocity at the exist of the acceler­
ating cavity is two to three times the average entrance velocity. 
This corresponds to a gap potential of 4000 to 9000 volts. Higher 
beam velocities or gap voltages should produce lower conversion 
efficiencies.
Means for tuning both cavities betwen 2300 and 2800 mes are 
incorporated into the design,
3, Cavity Position The position of the accelerating cavity 
is determined by the length of the drift space. Several papers 
(5), (6), and (?) have been concerned with the effect of space
charge in large signal bunching, A study of Mihram’s paper (?) 
indicates that, for the beam parameters chosen, a plasma drift 
angle ©f 6© will result in the maximum fundamental current 
delivered t© the output cavity. This amounts t® a drift length 
of approximately 0,280*®, Sine© it seems likely that optimum 
energy transfer from the cavity to the beam will oecur for this 
same drift length, the cavity separation was chosen as 0,28 inch.
Oe Gonstruetion
1, Electron Gun The gun is designed as a versatile laboratory 
tool which is easily disassembled. It is constructed ©f nonmagnetic 
materials, and may be used with beam voltages up to 5000 volts and 
beam currents up to 9®@ ma©
The oxide-coated cathode is located at the ead of a cylinder
which contains the heater® The cylinder may be easily removed 
from the gmn t© redcoat the cathode or replace the heater® Since 
the cathode may be moved back from the anode, the. mieroperveanee 
may be reduced below 2®6® It is possible to change the anode, 
cathode, and focusing electrode and form'an entirely new electron 
gun around the present basic structure®
The heater consists ©f three, flat, double-spiral coils-of 
ten mil tungsten wire placed one above the other, and connected 
in series® This design serves to concentrate the heat on the 
cathode, and yet permits a heater chamber less than l/B9 deep®
An alumdum insulating coating is .used ©m the heater wire® -
2o Klystron Section Since magnetic focusing is not used, - 
both cavities are constructed from two pieces of mild steel which 
is later, silver-plated® A 5 mil concave beryllium copper washer- 
forms the rear cavity wall® With the cavity center-post held rigid 
equal pressure is applied axially t© the outer wall of the cavity 
via two diametrically opposite rods® The flexing of the washer 
and the resultant movement of the outer cavity wall provides an 
adjustable gap spacing t® tune the cavity®
Since it is necessary to operate the collector at a retarding 
potential, it is insulated from the ground potential of the two 
cavities by a ceramic ring® The ceramic causes some problems with 
the collector heat dissipation® In normal operation, it is not 
expected that the electrons will reach the collector with average 
energies greater than several hundred electron-volts, but it was 
considered advisable t® design the collector to withstand the 
temperature produced by bombardment with an 85 ma, 1000 v beam® 
Since this will produce a collector temperature rise of more than 
1000® 0, high melting point materials were used in the collector 
construction® The collector is shaped in the form of a cylindrical 
bucket® The inside bottom of the bucket is formed into eliptical 
cone® The wall consists of a tantalum tube with three internal 
fins- t© help prevent the electrons from escaping® The fins are 
bent at 60° t© the beam axis s© that no. surface ©f the collector 
is situated in such a way as t© cause reflection of the electrons 
back to the cathode® '
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Both the collector and the accelerating cavity are attached 
to a bellows assembly which permits the length of the drift space
to be varied from 0,125” to 1.00”, .....
A photograph of the partially assembled klystron appears in 
Fig, 57. The electron gun and cathode cylinder are shown in the 
foreground along with the retaining ring which holds the cathode 
cylinder in place. The klystron and the container into which it 
is placed appear in the background. The buncher cavity is shown at 
the top. Immediately below it is the accelerator cavity. The 
collector is located under the accelerator cavity but is not shown 
in place. The Allen head screws are brazed to the tuning rods.
The tuning rods extend through 0-ring seals in the end plate of 
the vacuum container to the cavities. The bellows assembly is 
shown at the bottom, lot pictured is the cable connectors to the 
coaxial lines connecting the cavities to the external circuit or 




Fig. 57 Partially Assembled Klystron
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IV. Conversion by Rectifioation
A. Direct Rectification by Hot Cathode. High Vacuum Diodes .. 
at a Frequency of 2440 Me
The GL - 2B22 Diode
Continuing with the experimentation using the type SL-2B22 
diodes, the next step was to use four of these in a parallel full 
wave circuit* That is, there were two pairs of tubes with anodes 
facing* See Pig. 58. The cathodes of the two tubes on the same 
side were connected together and to the.same load resistor. This 
made it possible to double the power output per tube when com­
pared with the ease where only two tubes were used as reported
previously. Two sets of data are given below for the conditionv •of full load current per tube and 1000 ohm resistors. The first 
set is for two tubes, and the second,for four.tubes. Note that 
the efficiency remained essentially the same*
Volts output Matts output % Efficiency
20 *83 16.0 
-40 ■ ~3«3 15.6
Considerable preliminary experimentation was done with irises 
of various shapes and sizes, and also toward the elimination of 
the end plunger in order to reduce as much as possible the volume 
of the cavity.
A fairly satisfactory arrangement was finally found by using 
an adjustable, rectangular iris at the power input end of the cavity 
and a short circuit across the waveguide just beyond the tubes at 
the far end of the cavity* Tuning was critical, but once tuned the 
circuit was fairly stable. The cavity was about one-half wave 
length long.
Two sets of data are given below, the first for two tubes 
(as reported in WADD TR 61-48 Part II), and the second for four 
tubes in the new cavity just described above.
Volts output Watts output Load Resistor , % Efficiency
40 1 ,'64 2000 ohms 17.6
40 3.36 1000 » ’ 21.4
Plate current was 20 ma* in both cases. The increase in effi­
ciency can be ascribed to the reduction of cavity dimensions.
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Fig. 58 Waveguide Mount for Four GL-2B22 Diodes
Fig. 59 Cavity with Four-Tube Mount
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After some experimentation, much has been done to stabilize 
the cavity in which four GL—2B22 diodes are mountedo
The adjustable rectangular iris whieh has been in use up to 
this time has been replaced by a fixed one® It is made of Q®015” 
copper and has an opening ©f 25/32” x 15/16”® This has eliminated 
the detuning effects caused by the shifting of the adjustable 
parts ©f the previously used iris as changes in temperature occurred 
Fin® tuning is now done by means of a tuning screw which has been 
placed into the cavity just following the iris® Also to mateh 
the iris more carefully, two tuning screws have been placed into 
the waveguide just ahead of the iris® By these means the reflected 
power has been reduced to a negligible value in most cases ©f 
operation® See Fig® 59®
It has also been possible to remove the iris and do--all the 
tuning with the three screws® Efficiencies are about the same but 
the VSWR is not as good at the higher power levels®
It has been noticed for some time that temperature increases 
at the higher power inputs would cause shifts in the position of 
one or more of the four tubes® These shifts would cause changes 
in efficiency which could not be neglected® The remedy was to 
connect the ©enter rods (connecting opposite anodes) to the wave­
guide short circuit at the end ©f the cavity by means ©f a copper 
strap® This not only helped to make the entire tube assembly 
more rigid, but just as important it provided good heat conductivity 
fr©m the anodes whieh resulted in a much lower operating temperature 
See Fig® 60®
Data were taken for five different values ©f load resistance® 
(It should be remembered that there are two load resistors, one 
for each pair of tubes®) These data are presented in graph form 
in Fig® 61® The following table shows the maximum operating 
conditions which were attained for each of the five loads® It 
should be ■ remembered that the maximum ratings for the tube as a 
rectifier are 20 ma output current and 300 volts PRY®
Load Resistor Output Output current













Fig. 60 Inside of Four-Tube Mount
Per cent Efficiency .-10.7r
■ 5 '.'6
Total Watts Output
These data show the same conditions ©f operation that are repre- 
seated by the right hand'end ©f each of the graphs ©f Fig, 61,
The normal heater rating of the GL-2B22 diode is 6.3v. and 
0,75 a. However, when we first started t© us® this tube it was 
found that normal operation was obtained by the use of 4.5v» 
and 0,65a, This rating of the heater has been used in all our 
tests on this diode over the past few. months.
Even so, at some high -power levels the tubes will overheat 
due to cathode bombardment, and two tubes have been lost because 
of this. As the tests have been going on there has been some 
probing here and there t® see how much the heater current could be 
reduced and still keep the tubes in a conducting state. But nothing 
systematic has been carried out.
At this point, however, a short study was made based ©n the 
question? What are the minimum power output conditions-.in terms 
of output voltage and rectified current at which the heater voltage 
may be reduced from 4®5 t© zero without reducing the initial 
operating conditions? This test was carried out for six different 
values ©f load resistance. The results are tabulated below?
Load Resistor Minimum Output Output Current





7000 70 . 5
10000 70 3.5
One more test needed to be done with the four tub© set-up.
The iris was removed, and replaced by two sets of rod-and-serew
tuners spaced about one eighth wave length apart in the waveguide. 
Efficiencies were nearly as good for the same load resistor as when 
the iris was used, but VSWR and stability were not as good.
In July of this year a two tube full wave arrangement was
tested. This was reported in WADD TR 61-48 Part II, The anodes 
were facing and were grounded. The capacitors were at the cathodes, 
and two load resistors were used. During this month (October) 
another two tub© mount was built, but here the cathodes were grounded,
-108-
the capacitors were at the anodes, and one load resistor was used. 
The cavity was ©ne-half wave-length long, was iris coupled, and 
tuned by screws, similar to that used for the four tube mount. 
Tests were made for five values of load resistance. The 
results are summarized in graph form in Fig, 62. Values at 





























These represent the highest values of efficiency for the
watts output per tube which have so far been attained.
However, a disadvantage in this type of tube mount is that 
the tube plates are thermally isolated and do not cool as well 
as when they are grounded. A sketeh showing the construction 
is given in Fig. 63*
Because of the disadvantage mentioned, a new two-tube mount 
was built. This is a cavity which is one-half wave length long 
in standard S-band waveguide, is iris coupled, and tuned by means 
of screws. The anodes are facing and are grounded, and the in­
sulated cathodes make up the capacitors. Two load resistors are 
used® See Fig. 64.
Tests were made for seven values of load resistance. The 
results are summarized in graph form (solid lines) in Fig. 65«
Data at maximum rated current for each load resistance are given
in the following table4









Watts Output Efficiency 













wav e g uid e 
circuit
7 mil silvered bra33





63 Sketch of grounded cathode two-tube 
mount and circuit diagram
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Fig. 64 Inside and Outside of Two-Tube Mount
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Total Watts Output
Another tw©-tub® mount with modified waveguide dimensions 
was mad© up® This is identical to the one described above 
except that the ”b** dimension (the inside height) ©f the wave­
guide .has been reduced to one-half inch*.
Tests were mad© for five values ©f l@ad resistance., and the 
results are plotted as the dotted line graphs in Figc 6-5o Another 
table similar t© the one above gives data for maximum rated current
for each value of load resistance®
Load Resistor Output Volts Watts Output Efficiency
ohms d-e Average Per'Tube %
1000 20. 0®38 19.1
2000 40 0o?6 22.33000 60 1 o 14 22® 6
4000 BO le 54 21® 45000 100 lo?0 20® 5
The two sets ©f data ©an be most easily compared -by .looking 
at the two sets ©f graphs in Figo 65® The dotted line graphs, 
which represent the data from the modified waveguide cavity, are 
in all cases higher than the full line graphs for the same resistance 
value for five different loadso Mote particularly the shift in 
watts output for maximum efficiency from one set to th@--©ther<,
Another four-tube arrangement in standard S-band waveguide 
has been built and tested® This consists of two two-tube sets 
in tandem, each set being similar to those used before® Thus, 
the cavity is a full wave length long, there being an iris or a 
tuning screw at the input end, one set of tubes are one-half wave 
length down the line; and the second set of tubes terminates the 
cavity another half wave length later® Since each cathode is 
insulated, it is necessary to use four load resistors, all alike.
See Figs® 64$ 66, and 67®
Considerable difficulty was experienced in balancing the 
rectified currents of the two sets of tubes; but this was eventually 
accomplished by the use of tuning screws, adjustment of the iris, 
and adjustments of the physical lengths of the two half wave 
portions of the cavity®
Tests were made for five values of load resistors® For the 
case where the tuning screws only were used at the input to the
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Fig. 66 First Set of Tubes in Four-Tube Tandem Mount
Fig. 67 Four-Tube Tandem Mount and Cavity
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cavity, the results are summarized by the graphs of Fig, 68®
Data at maximum rated current for each load resistance are given 
in the following tables
Load Resistor Output Tolts Watts Output Efficiency
ohms d-c Average Per Tube %
1000 20 0.35 18,32000 40 0,72 21.8
3000 60 1,14 22.3
4000 80 1.58 22.45G00 95 1.76 21.7
For the case where an iris was used at the input to the 
cavity, it was found that efficiencies check those in the above 
table quite closely, For this reason only three values of load 
resistance were used, and these extended over the range where 
maximum efficiency occurred® Data at maximum rated current for 



















The graphs ©£ Fig. 68 may be compared to those of Fig. 61 
where data were given for four tubes mounted at on© point in the 
waveguide. There is not a great deal of difference in the sets 
of graphs as a whole. Better uniformity and spacing shown in 
those ©f :this report are probably due to improvement in techniques 
of construction and testing procedures. This latest method ©f 
construction has an advantage that the heat from the tubes is more 
widely distributed. 0n the other hand, the cavity is twice as 
large and heavier.
In addition to the tests with the GL-2B22 diode as described 
above, some work has been done with the type 7841 diode. This 
is a miniature tub® ©£ ceramio-and-m«tal planar construction, 
about 0.34!* in diameter, and 0.32’* long. Maximum ratings of 
interest aret
Peak reverse plate voltage 350 v








Fig. 69 shews a meant for eight of this type tube, four on 
eaeh side of the S-band waveguide* The connection t© the cathode, 
which is recessed, is made by the use of two pieces of 12 mil 
phosphor bronze sheet, each one having a wedge shaped slot cut 
into it. When these are used to clamp the diodes at the cathode 
terminal, two tubes for each pair of plates, a reasonably good 
mechanical support and electrical eonnection is made. This little 
plate thus formed is fastened to the waveguide with nylon screws 
over a piece of 10 mil teflon sheet, and thus the by-pass capacitor 
is made. -
Socket type connectors have been found to be unsuccessful in 
connecting wires to the heater terminal buttons. The photograph 
(Fig. 69) shows two of the tubes having wires connected by means 
of an epoxy conductive adhesive. At the present time, this seems 
like it will be a satisfactory method for a permanent installation, 
but may not be so for experimental work.
Fig. 70 shows an inside view of the tube mount. Plate caps, 
which fit over the plate terminals of the tubes, are soldered to 
copper straps which are in turn soldered, to the center of the 
copper plate which short circuits the waveguide. Another plate 
circuit arrangement was to use four brass tubes (0.315” OP)to connect 
the plates of the four pairs of tubes in the same way as was uone 
with the 2B22 diodes. See Fig. 60. The brass tubes were connected 
at their center points to the waveguide short circuiting plate by 
eopper straps.
A great deal of experimentation was done with this tube mount, 
with both plate circuit arrangements, and with the by-pass capacitors 
on the inside of the waveguide as well as on the outside. Fig. 69 
shows the capacitors on the outside. Efficiency was lower for the 
case where the capacitors were on the inside of the waveguide, 
probably because there was more lossy material on-the inside.
An ever present problem was the unbalance of the rectified 
currents from the various tubes for any one operating condition.
This was du® in part to the variation of the volt-ampere charac­
teristics from one tube to another. In the final arrangement the 
tubes were paired to the best advantage to take care of these 
variations. Other causes of current unbalances were not
Fig. 69 Mount for Type 7841 Tubes
Fig. 70 Inside of Mount for Eight Type 7841 Tubes
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certainly determined, but it is believed that there were different 
impedances in the paths of the RF currents from one tube to another. 
These differences were not apparent since they were made mechanically 
as near alike as possible, but the most likely trouble spot may be 
the connection to the cathode.
The most stable cavity which was evolved from many trials was 
one-half wave length long in standard S-band waveguide as in pre­
vious successful models. Power entered through a rectangular iris 
about 15/l6w square, and the termination of the cavity was by 
means of the usual short-circuiting plate. Immediately in front 
of this plate were the eight tubes with their by-pass capacitors 
as shown in Fig. 69« Opposite tube plates were connected by the 
brass tubes which have been described above. The length of the 
eavity from tube eenter line to iris was 4 11/16”. Two tuning 
screws were used, one preceding the iris, and one following it.
The tubes are mounted in pairs, two pairs on “top” of the wave­
guide and two pairs on the "bottom”. This makes it desirable to 
have four load resistors®
Final data of interest are presented in the following table
for five values of load resistance.
Load Resistor Average Output Power Output











The average output voltage given in the above table is the 
average of the four values of output d-c voltage across the four 
load resistors. Data given represents full load current conditions 
(or more or less) for each tube for each value of load resistor.
Fig. ?1 is being taken from WABB TR 61-48 Part II to show 
the general arrangement of the equipment for power control and
measurement. However, it should be understood that all tube
mounts and cavities described in this report are different than 





Fig. 71 View of Test Set-Up
general Discussion
Efficiency and comparison of results with theory.
Efficiency graphs plotted against power output are presented 
for four different tube mounts for the GL-2B22 diode in Figs.-- 
61, 62, 65, and 68 in this 'report. Efficiencies vary with load 
resistors, the maximum values lying between 21$ and 24$ for all 
set-ups and for resistor values roughly between 2000 and 4000 ohms. 
In most eases these maximum values of efficiency are ®true* . - 
efficiencies, that is, the test has been made under operating 
conditions such that it has been possible to reduce heater power 
to zero.
Efficiencies obtained when the type 7841 diodes are used are 
relatively constant for load resistors in the range of 100,0 to 
3000 ohms, but much lower than for the 2B22 diodes. Comparing 
several tests for the two types of tubes and for the same values 
of load resistor, and power input to the cavity, efficiencies for 
the 2B22*s are roughly twice the values for the 7841*s. Reasons 
for this wide difference have not been determined. There may be too 
much lossy material inside the cavity when the 7841 mount is used. 
Some entirely different type of( mount may have to be devised. In 
WADB TR 61-48 Part II, page 53, a table shows that an efficiency 
of 13$ had been attained with this tube. This was with the tube 
carrying double its rated current, and cannot be compared to re­
sults being presented now.
The only theoretical work which has been done which covers 
the distribution of losses for a hot cathode diode in a resonant 
cavity was reported in WADD TR 61-48 Part II. That work covered 
the half-wave rectifier in a waveguide only, while the present 
report covers multiple tube set-ups with a much different cavity.
It is recognized that the losses are divided much differently 
for the latterj and, therefore, that the original theoretical 
work no longer applies. This is confirmed by the experience 
gained during the tests by observation of the temperature rise in 
various parts of the cavity. It is now believed that a much larger 
percentage of power is lost in the tube itself, that is, on the 
eathode and on the plate.
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Problems and Solutions
Iri the early work whieh was done with these energy converters, 
the resonant cavities were large, a wave length dr more long. Such 
cavities were inefficient because of excessive inside surface losses 
They were also too large, heavy, and costly.
After some experimentation, the half-wave length cavity was 
evolved. The body of this cavity is made of standard S-band wave­
guide, and it is the one which has been used in all the set-ups 
described in this report. . At the power input end, there is a 
rectangular iris which serves as a coupling device. This is made 
of 0.015” copper sheet. At the terminal end, there is a copper 
plate whieh fits the waveguide closely and provides a "short 
circuit”, as it has been designated in most of our sketches.
Actually it is an inductive impedance. The diodes are mounted 
immediately in front of and as close as possible to this short 
circuit plate. v
Since our equipment allows us.to measure both total input 
power and reflected power, the cavity is always adjusted for zero 
or minimum reflected power. This is usually the condition for 
optimum performance. Three parts of the cavity must be adjusted 
together to attain this condition since they are usually inter­
dependent. They are: the iris size, the cavity length, and the
tube mount. The iris size can be found by using first an adjustable 
iris. Length can be varied by cutting the waveguide section shorter 
or making it longer by the use of spacers. The tube mount is the 
most difficult to build and adjust. As can be seen in the various 
photographs or sketches whieh show tube mounts, two tubes are 
usually used with plates facing. Plates may be grounded and the 
cathodes insulated, or vice versa. The latter construction made 
the tube mount which had the highest efficiency. This is shown 
in Fig. 63. However, because this type does not allow good 
cooling of the plates, the grounded plate construction was used in 
all of the other mounts. The slotted cylinders which are the tube 
holders, must fit the cathode cylinder closely. Often the use of 
draw-bands on these tube holders are necessary to provide the 
best conductivity for the EF currents and, therefore, the equali­
zation of the d-c currents. The plate caps must fit the tube
plate electrodes well all around in order to reduce resistance to 
a minimum. The result of the two tubes so mounted in series is 
an equivalent capacitor which is in parallel with the inductance 
of the short circuiting plate. This constitutes an L-C circuit 
which must be matched at the input to the cavity by the equivalent 
L-G circuit of the iris® Final tuning of the cavity must be done 
by means of tuning screws, one in the cavity, and another just 
ahead of the iris®
The above procedure results in a cavity which is one-half 
wave length long, has equal impedances at eaeh end, and is resonant 
to the incoming power frequency® It is stable, and apparently as 
efficient as this type of operation allows.
Fig. 72 shows a possible multiple arrangement of this type 
of cavity.
Size and Weight
If cavities are made of waveguide as now seems to be desirable, 
size and weight will be determined largely by the frequency of 
the power source. The cavities and tube mounts described in this 
report were made of standard S-band waveguide, and are heavy and 
large. Sizes can be estimated from the photographs by knowing 
that the outside dimensions of the waveguide are l|“ x 3n® The 
weight of the largest one shown, Fig. 67# is 13 lbs. From this, 
the weights of the others may be roughly estimated.
It is possible that waveguides could be made of a light 
plastic material having the inside coated with a thin layer of 
silver® This would reduce the weight very much. It would, 
however, bring in an additional cooling problem since this type 
of waveguide would be a very poor heat sink in comparison to standard 
waveguide.
Reliability
The contract for this project does not call for heat runs or 
life tests. Consequently none were carried out. However, for 
most of the cavities and tube arrangements described, whenever a 
cavity was well adjusted and stabilized, its day to day reliability 
or “repeatability1* was good.
Type 6173 Pencil Diode
In the following section, the cavities designed for the 




Fig# 72 Scheme for mounting a number of rectifying 
cavities on a power carrying, waveguide
the double coaxial design described in WADD TE 61-48 Part II and 
will end with an enlarged rectangular cavity® Throughout the 
section descriptions, observations, and recommendations will be 
offered®
As a first attempt to boost the output power, the double 
cavity mentioned above was constructed and tested. Since this 
arrangement operated satisfactorily for two diodes, other 
cavities were constructed to expand to multiple arrays of these 
cavities® Tests of these multiple arrays showed that it was 
difficult to maintain conduction in all the diodes simultaneously. 
It was an unwieldy task to tune each cavity to a conducting state, 
for tuning was by no means independent among the cavities.
Multiple arrangements of these double cavities were abandoned 
in favor of other types of cavities with simpler tuning procedures, 
levertheless, lessons in the use of the pencil diodes were in­
valuable in the testing of these double cavities. Consequently, 
it is still believed that the coaxial design conforms best to 
the diode shape. This suggests a design such as a large gap 
coaxial cavity capable of holding a number of diodes in the gap.
A representive view of this design is shown in Fig. 73® This 
design incorporates the features of the single coaxial cavity 
where the diode was placed at the shorting plunger and where the 
length of the cavity is controllable®. -This cavity was never con­
structed. Instead, the mechanically simpler cavities discussed 
below were assembled®
Among the rectangular cavities built the first was an ex­
ploratory model designed with all possible tuning features to find 
the optimum location of the diodes and tuning devices. The cavity 
was one guide wave length long at 2440 Mcs, and the interior cross- 
sectional dimensions were 0.5 by 2.836 inches. It was tunable 
by means of’an iris and screw arrangement at one end and a movable 
shorting plunger at the other end of the cavity. Centered on the 
cavity was a movable slide in which two pencil diodes were mounted. 
The b dimension ("©. 5 inch) was purposely designed small to eliminat 
much of the reflective diode surfaces from the enclosure of the 
guide. Thus, more of the active portion of the diode was placed in 














This exploratory model led to some interesting conclusions. 
First, the diode does not readily conduct near a voltage maximum, 
i.e., near odd multiple quarter wave lengths in front of the., 
shorting plunger. Secondly, the diode will conduct readily near,.. 
hut not at, a voltage minimum, i.e., near multiple half wave lengths 
in front of the shorting plunger. These conclusions are reasonable 
in light of the reflective surfaces of the diodes. For when the 
diode is moved to a voltage maximum, the diode tends to reflect 
rather than absorb the electromagnetic energy. On the other hand, 
when the diode is placed near a voltage minimum, the diode tends to 
couple out energy as would a magnetic coupling loop. However, since 
the device is unilateral only unilateral currents are passed.
A new rectangular cavity was constructed with the aid of the 
information gained from the exploratory model. There were two 
essential differences between this cavity and the exploratory model. 
The first feature allowed the cavity to support four diodes instead 
of two. The second feature fixed the diodes in position, whereas 
the former allowed the diodes to slide along the center of the 
cavity.
At this point the design particulars should be mentioned. 
Throughout this paragraph references will often be made implicitly 
to Figs. 74 and 75* The cavity is approximately one guide wave 
length long. The "approximately" should be stressed since the 
diodes and tuning screw will shorten the calculated guide length.
The interior dimensions of the guide are the same as the ex­
ploratory model, i.e., a=2.836 and b=0.50 inches. The cavity is 
terminated by a shorting plunger at one end and a tuning iris at 
the other. The diodes are placed approximately one-sixteenth inch 
in front of the point where conduction is Curtailed by a voltage 
minimum as mentioned previously. At this point, each diode is 
independently mounted in its plate and cathode holders (see Fig. 75) 
The.plate terminal is fastened directly to the waveguide so as 
to serve as a heat sink for the plate, whereas the cathode is 
isolated from the guide by a 0.010 inch teflon sheet. This 
"sandwiched** dielectric serves as an RF filter and as a d-c 
return isolation. Since each diode is mounted independently, the 
diode currents can be separately monitored, excessive amounts of 
sheer foree on the glass seal of the diode are avoided as compared
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Fig. 75 Cavity with Waveguide ,,brt Dimension Reduced
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to mounting the diodes in multiple units, and lastly, the .diodes 
may be arranged to provide full or half-wave rectification. Current 
monitoring will be discussed more fully in the next paragraph.
Since, across the waveguide, there is a sinusoidal RF voltage 
distribution with a peak value at the center and zero at the sides, 
one would expect that a diode output voltage would vary accordingly 
if the diode traversed the guide cross-section. Such was the case 
when the current of each diode was monitored. The diodes near 
the center conducted the larger currents since the RF voltages are 
largest there. It should be mentioned that since the diode offers 
an obstruction to the normal mode of operation of the guide the RF 
voltage distribution across the guide at the diodes would no longer 
be sinusoidal; but nevertheless, the distribution probably would not 
deviate far from the sinusoidal form.
A typical experimental test result follows Fig. 76 represents a 
half-wave diode configuration that was tested. The outputs of the 
center diodes are combined at one load resistor and the outputs of 
the outside diodes at another. The results are shown in tabular form
here. No filament power was necessary in this test so that E
„ *• „ *■el ¥CO ¥so P0 P.in E
ohms volts volts watts watts per cent
5000 64 46 1.24 9.2 ' 13.5» 54 40 0.90 6.6 13.5n 4 8 34 0.69 5.2 13.2
38 26 0.42 4® 1 10.2
3000 48 34 1.15 7.45 15.5n 42 30 .89 5.2 17.1
2000 35 26 .96 5.1 18.8
#¥ »CO center d:iode outpiit, ¥ = side diodes 0 output
represents the over--all efficiency of the diodes plus cavity.
Notice that the outside diodes operated at much lower voltages
as predicted above® A similar test was conducted using a full- 
wave diode configuration as shown in Fig. 77® The incomplete 
results of this test indicated that the efficiency should improve 
by two per cent above the results tabulated above. This was ex­
pected since a full-wave rectifier is inherently more efficient 
















The full-wave rectifier test was net completed for two reasons. 
First, the tests indicated, to improve the efficiency the. diodes 
should be nestled as close to the center of the guide as possible so 
that each diode could operate near the same IF voltage. Second, 
although not mentioned above, one of the outside diodes always 
faded into a non-condueting state unless the filament power was 
resumed to activate emission. No satisfactory explanation can be 
offered for this condition; however, it is believed that this 
failure might be overcome if the diodes were nestled at the center 
of the guide. A new cavity design which incorporates this scheme 
was constructed and its description follows.
The cavity is again a guide wave length long with the diodes 
fixed near the half-wave point mentioned previously. To nestle 
as many diodes as possible, the interior cross-sectional dimensions 
were enlarged so that a=3.75 inches and b=3.0 inches. The diodes 
are supported in a plate to plate fashion by a plate holder which 
is fastened to the sides of the guide. The upper and lower banks 
of cathodes are insulated from the guide by a dielectric and each 
bank supplies a separate load resistor. See Fig. 78* This de­
sign can deliver an output in the range of two to three watts.
After a number of initial tests determined the optimum 
location of the bank of diodes and the proper iris size, the 
characteristics of this design were investigated® These experi­
ments revealed an unbalanced output condition between the upper 
and lower bank of diodes (See Fig. 78). Although the cause of 
this condition was traced to the plate holder, the particular 
effects and remedies were not pursued because time was limited. 
Often, by loosening or tightening the plate holder support screws, 
a balanced condition was obtained^ When a balance of outputs was 
reached by this method, the efficiencies ranged from twelve to 
seventeen per cent.
The pencil diode, at the outset of these experiments, had 
shown some desirable characteristics when incorporated in a 
cavity capable of holding one diode. An example of this type 
is the eoaxial cavity. However, multiple diode, cavities showed 
that these desirable characteristics were somewhat offset by 
cumbersome tuning problems. Some of this tuning difficulty may
Fig. 78 Inside of Cavity with both Waveguide 
Dimensions Increased
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be attributed to the fact that the active portion of the pencil 
diode is small compared to the reflective "inactive” portions.
These large reflective surfaces prevent the absorption of the electro 
magnetic energy.
To avoid an unbalanced state among the output of diodes, it 
is suggested that a cavity, having a uniform voltage distribution, 
be employed. It should be added that balanced outputs are desirable 
•when outputs are to be paralleled and output efficiency is to be 
maximized. A large gap coaxial cavity such as the one described 
earlier in this section has enough symmetry about its gap to 
indicate that the voltage about the periphery of the gap is uniform. 
This cavity, although never constructed, intrinsically shows many 
favorable characteristics.
This sequence of designs for the pencil diode has terminated 
without a completely successful device. The researcher feels that 
the effort will not be complete for the pencil diode until the large 
gap coaxial cavity has been investigated. Nevertheless, it can 
be stated that the inherent efficiency of the pencil diode plus any 
cavity is limited to a value below 25 per cent under presently rated 
conditions.
Throughout these tests a question regarding the limitation 
that should be placed on the output current per diode had arisen.
It would seem that under normal conditions, the rated current 
would be limited by the power dissipated by the cathode and the 
plate terminals. Whereas in these tests no filament power was used 
to heat the cathode and sinee the plate terminal was fastened to a 
large heat sink which kept the plate temperature from rising rapidly, 
perhaps the rated current can be exceeded without damaging the 
diodes. The sources of damage would lie in the expulsion of gases 
and in the rupture of the glass seal at the high temperatures. If 
tests show that rated current under the experimental conditions 
can be increased, the efficiency could increase by 5 to 10 per cent.
APPENDIX I.
Direct Rectification of Microwave Power by Semiconductor Diodes
Experimental Results Obtained after the First Draft of this Report 
had been Submitted.
In order to compare the rectification efficiency of the micro­
wave rectifier using 1N830 diodes, with the efficiency of silicon 
power diodes of modern design the following equipment was set up.
A full-wave bridge rectifier consisting of four 500 ma., 400 to 600 
p.i.v.j commercially available silicon power rectifiers was con- - 
structed using an 8000 mfd. filter capacitor across, a variable 
resistance load. Tests were made at 60 cycles. As tne power level 
was changed the load resistance was varied to maintain a d-c 
potential of 32 volts.
The results obtained from these tests together with the data 
for Dig. 23 are presented for comparison in Fig. 79* It may be 
noted that the power rectifier only* has an efficiency of approxi­
mately 95# at full load current even at an output voltage of 32 
volts. Since the forward voltage drop remains essentially constant 
across.these diodes the efficiency should be even higher at higher 
d-c potentials. The efficiency of the 1N830 diode rectifier at 60 
cycles varied between 64# and 71#» This would indicate that it 
should be possible to design special diodes for microwave power 
rectification that should have an efficiency well above the 
efficiency of the 1N830 diodes.
Tests at 60 Cycles on the Type HD-5000 Ultra-fast Switching Diodes
From Table X we find that eight Type HD—5000 diodes gave a 
maximum efficiency of 45# at 12 volts d-c when excited at 2440 Me. 
Since the forward resistance of these diodes is about three times 
the forward resistance of th.e.,lN830 diodes, it was of interest to 
determine their rectification efficiency at 60 cycles.
Eight HD-5000 diodes were connected in a full-wave bridge 
circuit with two diodes in parallel in each arm ox the bridge. The 
8000 mfd. capacitor was connected across the variable resistance 
load as a low impedance filter. At a d-c load voltage-of 12 volts 
the efficiency varied from 58*6# at 60 milliwatts output p&r dode 
to 80# at 15 milliwatts output per diode. At a d-c load voltage
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Fig. 79 Comparison of Rectification Efficiency of Silicon Power Diodes at 
60 Cycles with the Efficiency of a Microwave Rectifier of 680 1N830 Sub­
miniature Diodes at 60 Cycles and at 2440 Megacycles. Diodes connected 
as full-wave bridge rectifiers. D-C output voltage held constant at 32 
volts. Variable resistance load. Filter capacitance data
6 8 10 12 H 16 18 20 22 24 26 28 30 32 34 >D-C Output in Watts
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of 14 volts the efficiency varied from 63.6# at 61.3 milliwatts 
output per diode to £0$ at 17.5 milliwatts per diode.
These results show that for diodes with high forward resistance 
the efficiency falls off rapidly; with increased load. ;
Further Tests on SD-150 Fast Switching Diodes '
The SD-150 is a subminiature fast switching diode having a 
forward resistance of about l/3 as much as the average 1N830 diode, 
and a reverse resistance of the order of 500 megohms, with a peak 
inverse voltage of 75 volts. Eight SD-150 diodes in a bridge circuit 
with two diodes in parallel in each arm was mounted in S-ba.nd wave­
guide. At 2440 Me. the maximum efficiency was pnly 0.55#« Further 
tests with one diode in a coaxial mount gave an efficiency of 18.7# 
at 450 Me., and 18.3# at 500 Me. at d-c load voltages of 1.5 and 1.4 
volt3 respectively. The efficiency might have been considerably 
higher if sufficient driving power had been available to produce 
higher d-c voltages.
The diodes were then connected for 66 cydle tests with the 
8000 mfd. capacitor across the resistance load. Tests were made 
at d-c load voltages of 24, <30, 32, and 40 volts. At a d-c load 
voltage of 32 volts,the efficiency was greater than 96# at an output 
of 400 milliwatts per diode, and 91.5# at an output of 800 milliwatts 
per diode. At a d-c load voltage of 40 volts the efficiency was 
greater than 97# at an output of 500 milliwatts per diode, and 94*2# 
at an output of 1,000 milliwatts per diode. Thefe was little rise 
in temperature of the diodes even at one watt output per diode due 
to the high rectification efficiency.
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